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es monocytes et les macrophages jouent un rôle central dans l'inflammation et les 
défenses de l'hôte et sont caractérisés par différents niveaux d’activation (pro-(M1) 
ou anti-(M2) inflammatoire) régulés par des signaux environnementaux. Bien que les 
macrophages M2 soient associés à des mécanismes anti-inflammatoires et de réparation 
tissulaire, une activation excessive et prolongée de ces cellules est associée à diverses maladies 
inflammatoires chroniques. La mise en évidence de mécanismes capables de moduler 
l'activation des macrophages ouvre donc la porte de nouvelles stratégies pharmacologiques. Au 
cours de ma thèse, j’ai étudié l’activation des macrophages (i) au cours d’une péritonite aigue 
chez la souris, et (ii), suite à une infection chronique causée par M. tuberculosis (Mtb) chez 
l’homme et chez le macaque. 
La résolution de l'inflammation est une étape essentielle au retour à l'homéostasie tissulaire. A 
ce jour, les mécanismes résolutifs impliqués dans des péritonites non-microbiennes sont peu 
décrits. Dans ce but, j'ai caractérisé, pour la première fois, les paramètres quantitatifs cellulaires 
et le profil métabolipidomique de la phase de résolution d’un modèle d’inflammation aiguë 
induit par du thioglycollate (TG). Dans les tissus bordant la cavité péritonéale (épiploon et le 
foie), j’ai observé une infiltration leucocytaire persistante après le retour à l'homéostasie dans la 
cavité péritonéale. La péritonite induite par TG est associée à la persistance de lymphocytes B et 
de macrophages M2 alors que des lymphocytes T et des macrophages M1 et M2 sont associés à 
l'inflammation induite par le zymosan (un agent d’origine microbienne). Ces données suggèrent 
que la nature du stimulus contrôlerait la polarisation des leucocytes au cours de la résolution de 
l’inflammation. Ainsi, ces résultats ouvrent de nouvelles perspectives de recherche dans un 
domaine émergeant, et plus particulièrement concernant le rôle de ces leucocytes dans le 





Mtb est un agent pathogène connu pour moduler à son avantage la polarisation des 
macrophages vers un profil anti-inflammatoire. Cependant, les mécanismes cellulaires et 
moléculaires responsables de ces événements sont peu connus. La dernière partie de mon 
travail montre que les facteurs sécrétés par les macrophages infectés par Mtb influencent la 
différenciation de monocytes humains primaires vers un programme immuno-régulateur M2c 
(CD16+CD163+MerTK+). L'acquisition de ce programme (i) déclenche la migration de ces cellules 
dans des environnements en trois dimensions, (ii) inhibe le contrôle de la prolifération de Mtb, 
(iii) diminue leur capacité à activer les lymphocytes T. Ce programme et les fonctions associées 
sont régulés par le facteur de transcription STAT3. Chez des patients atteints de tuberculose, 
nous avons montré que les monocytes circulants présentent des propriétés 
immunosuppressives, et que la présence de macrophage M2c est prédominante dans les 
épanchements pleuraux de patients atteints de pleurésie tuberculeuse. Enfin, nous avons 
observé sur des biopsies pulmonaires de macaques infectés par Mtb, que l'abondance de 
macrophages M2c corrèle avec la sévérité de la pathologie. Ainsi, le recrutement de monocytes 
qui se différencient en macrophages M2c permissifs et immunosuppressifs pourraient 
correspondre à une stratégie développée par la bactérie pour favoriser sa survie au sein de son 
hôte.  
En conclusion, mon travail de thèse soutient l'idée que bien que des macrophages M2 puissent 
contrôler la réparation tissulaire et le retour à l’homéostasie, ces cellules peuvent aussi être 
impliquées dans des inflammations chroniques et des formes sévères de la tuberculose. Mon 
travail a également permis de mettre en évidence STAT3, comme une cible pharmacologique 





es travaux réalisés dans le cadre de ma thèse de doctorat visent à étudier le rôle des 
macrophages dans différents contextes inflammatoires tels que les inflammations 
aigües et chroniques. Plus précisément, cette thèse porte sur l’étude des mécanismes 
permettant de moduler l’activation des macrophages et les conséquences des modifications de 
la polarisation de ces derniers dans les mécanismes physiopathologiques. Au cours des quatre 
dernières années au sein de laboratoire ont ainsi fait l’objet de publication dans des journaux 
scientifiques. 
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Chapitre1. Monocytes et Macrophages, 
une population he te roge ne 
 
 
es monocytes et les macrophages appartiennent au système des phagocytes 
mononucléés, lequel est en partie responsable de l’homéostasie, des mécanismes de 
défense de l’individu et des processus de réparation tissulaire (Jenkins and Hume, 
2014). Les cellules du système des phagocytes mononucléés partagent de nombreuses 
caractéristiques et notamment leur activité phagocytaire et leur plasticité phénotypique et 
fonctionnelle remarquable (Gordon and Taylor, 2005).  
Dans un premier temps, je discuterai l’existence de sous population de monocytes - en premier 
lieu, chez l'homme, puis chez la souris - et les fonctions associées à leur phénotype. Dans une 
deuxième partie, je décrirai l’origine des macrophages résidents et la plasticité de ces cellules 
qui dépend de leur localisation et des signaux présents dans leur environnement.  
 
I. Hétérogénéité des monocytes 
 
Les monocytes sont des cellules sanguines et représentent chez la souris et chez 
l’homme, 4% et 10%, respectivement, des cellules nucléées dans le sang. Les monocytes sont 
issus de progéniteurs de la moelle osseuse et en fonction des facteurs présents dans leur 
environnement, ils se différencient en macrophages, en cellules dendritiques ou en ostéoclastes 
(Gordon and Taylor, 2005). Les étapes permettant l’obtention de monocytes, lesquelles sont 
sous la dépendance du facteur de croissance M-CSF (Macrophages-colony stimulating factor), à 






Figure 1. Origine hématopoïétique des monocytes 
 
Ces dix dernières années, l’étude du système des phagocytes mononucléés dans 
différents contextes physiopathologiques a permis de mettre en évidence l’existence de sous-
populations de monocytes basé sur l’expression de récepteurs aux chimiokines et la présence 
de molécules de surface spécifiques (Gordon and Taylor, 2005). De récentes données que nous 




A. Les monocytes humains 
 
1. Caractérisation phénotypique  
 
Dans le sang, les monocytes humains se distinguent des autres leucocytes par 
l’expression du CD14, le co-récepteur aux lipopolysaccharides (LPS) (Landmann et al., 1996). La 
première évidence de l'hétérogénéité des monocytes date des années 90, suite à la découverte 
par Ziegler-Heitbrock d’une proportion minoritaire de monocytes à la fois positif pour CD14 et 
pour CD16, un récepteur de type FcRIII (Passlick et al., 1989). Chez un individu sain, les 
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monocytes CD14+CD16+ représentent environ 10-15 % des monocytes totaux alors que la 
population CD14+CD16-, majoritaire représente 85-90 % des monocytes totaux. Depuis, de 
nombreuses études ont clairement établi l’existence d’une hétérogénéité au sein même de la 
population CD16, définissant finalement selon trois sous-catégories les monocytes humains 
(Ziegler-Heitbrock et al., 2010). On distingue donc les monocytes « classiques », la population 
majoritaire caractérisée par un haut niveau d’expression du récepteur CD14 et une absence de 
CD16 (CD14hiCD16-), les monocytes « non classiques » exprimant CD14 à faible niveau et CD16 à 
haut niveau (CD14lowCD16hi) et les monocytes « intermédiaires », exprimant fortement CD14 
mais plus modérément CD16 (CD14hiCD16low). La Figure 2 illustre ces trois sous-catégories, 
classifiées d’après l’expression des marqueurs CD14 et CD16 mesurée par cytométrie de flux 
 
Figure 2. Nomenclature des monocytes humains 
 
2. Caractérisation fonctionnelle  
 
La sous-population de monocytes « classiques » est caractérisée par une forte capacité 
de phagocytose et la faculté, après activation (p. ex. LPS) de sécréter des de cytokines pro-
inflammatoires (Tumor Necrosis Factor (TNF)- et interleukine (IL)-6 et IL-1. Cette population 
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exprime également fortement le récepteur aux chimiokines CCR2 mais faiblement CX3CR1 
(Gordon and Taylor, 2005; Ziegler-Heitbrock, 2007).  
 
La caractéristique fonctionnelle principale des monocytes CD14+CD16+ est sa capacité à 
sécréter de plus fortes quantités de facteurs pro-inflammatoires tels que le TNF, l’IL-12, l’IL-6, 
l’oxyde nitrique que les monocytes classiques (Belge et al., 2002; Cros et al., 2010; Szaflarska et 
al., 2004). De plus parce que les monocytes CD14+CD16+  sécrètent de très faible quantité d’IL-10 
après une stimulation par LPS (Frankenberger et al., 1996),  ces cellules sont généralement 
considérée comme pro-inflammatoire. A ce jour, différentes études contradictoires ont été 
publiées, ne permettant pas d’établir laquelle des sous-populations CD14+CD16+ (intermédiaire 
ou non-classique) pourrait posséder ces propriétés. En effet, alors que certains résultats 
indiquent que la population de monocytes intermédiaires serait une forte productrice de 
cytokines pro-inflammatoires comparée aux monocytes non-classiques (Cros et al., 2010; Rossol 
et al., 2012), d’autres études mettent en évidence que seuls les monocytes non-classiques 
seraient capables de sécréter du TNF et de l’IL-1 après une stimulation par le LPS (Belge et al., 
2002; Wong et al., 2011). L’ensemble de ces études utilisent des protocoles différents pour 
isoler les différentes sous-populations (tri par billes magnétiques, cytométrie en flux, …). Si les 
différentes sous-populations sont plus sensibles à une méthode d’isolation plutôt qu’à une 
autre, cela pourrait expliquer pourquoi différents résultats sont obtenus. Par exemple, il est 
connu que l’utilisation de certains clones d’anticorps anti-CD14, comme M5E2, bloquent les 
réponses aux LPS (Power et al., 2004). L’utilisation de ce clone sur la population de monocytes 
non-classiques (exprimant peu de CD14) pourrait donc entièrement bloquer son activation. En 
conclusion, bien qu’il soit difficile de définir quelle sous population possèdent des propriétés 
inflammatoires, l’ensemble des monocytes CD14+CD16+ est donc caractérisé chez un individu 
sain, par des propriétés inflammatoires augmentées.  
La capacité des monocytes/macrophages à phagocyter des agents pathogènes puis à 
présenter les antigènes aux lymphocytes T est essentielle pour activer la réponse immunitaire 
adaptative. Les monocytes intermédiaires expriment de hauts niveaux de CMHII (complexe 
majeur d'histocompatibilité de classe II), ainsi que des molécules de co-stimulation telles que 
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CD40 et CD54 (Wong et al., 2011; Zawada et al., 2011). Conformément à ce phénotype, ces 
cellules ont été caractérisés par une forte capacité à stimuler la prolifération des lymphocytes T 
(Grage-Griebenow et al., 2001; Zawada et al., 2011). Ensemble, ces données présentent les 
monocytes intermédiaires comme d’efficaces cellules présentatrices d’antigènes bien que la 
pertinence in vivo de ces phénomènes n’ait jamais été clairement étudiée.  
Par ailleurs, parce que l’augmentation de marqueurs impliqués dans l’angiogenèse tels 
que l’endogline (ENG), la tyrosine kinase TER (Tie2, CD202b) et VEGFR2 (Vascular endothelial 
growth factor receptor 2) a été dosée à la surface des monocytes intermédiaires, une activité 
pro-angiogénique a été attribuée à ces derniers (Zawada et al., 2011). 
La Fractalkine (CX3CL1) est une chimiokine membranaire exprimée à la surface des 
cellules endothéliales. Lors d’une inflammation, l’action de certaines cytokines (comme le TNF) 
peut induire son clivage en une forme soluble présentant des fonctions chimiotactisme (Garton 
et al., 2001). Différentes études ont montré que les monocytes CD14+CD16+  étaient des cellules 
très motiles, capables de migrer en réponse à CX3CL1 plus efficacement que les monocytes 
classiques (Ancuta et al., 2003; Cros et al., 2010). De plus, contrairement aux monocytes 
classiques, la capacité des monocytes CD14+CD16+ à migrer en réponse à CCL2 est aussi très 
faible.  Ces résultats concordent avec la forte expression de CX3CR1 et le faible niveau de CCR2 
exprimé à la surface des monocytes CD16+ (Ancuta et al., 2003). Il est intéressant de noter que 
les gènes associés au remodelage du cytosquelette d’actine tels que les Rho GTPases, RHOC and 
RHOF et d’autres facteurs régulateurs de Rho sont principalement exprimés par la sous-
population de monocytes non-classiques (Wong et al., 2011; Zawada et al., 2011). Par ailleurs, 
Cros et collègues (Cros et al., 2010) ont également montré que les monocytes non-classiques 
présentent une forte capacité à adhérer aux cellules endothéliales. Ensemble, ces résultats 
suggèrent que les monocytes non-classiques seraient la population capable de migrer 
efficacement en réponse à CX3CL1. 
 
Il a été décrit, au cours de nombreuses maladies inflammatoires, une forte 
augmentation du nombre de monocytes CD16+, lesquels peuvent représenter jusqu’à plus de 
50% des monocytes circulants totaux. Tel est le cas par exemple chez les patients atteints de 
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polyarthrite rhumatoïde, lupus, septicémie, cancer, tuberculose, ou encore infectés par le VIH 
(virus de l'immunodéficience humaine) (Wong et al., 2012; Ziegler-Heitbrock, 2007). Dans la 
plupart des cas, l’augmentation de ces cellules est corrélée à la sévérité de la pathologie (Balboa 
et al., 2011; Fingerle et al., 1993). Dans la population de monocytes CD16+, il semblerait que la 
sous-population de monocytes intermédiaires soit la principale population amplifiée dans la 











Dengue  Intermédiaires 
 




Maladie d'Eales Intermédiaires 
Hépatite chronique C 
Intermédiaires et 
non-classique  
polyarthrite Rhumatoïde Intermédiaires 
SIDA Intermédiaires 















Tableau 1. Fréquence des sous-populations de monocytes humains dans différentes 
conditions pathologiques. D’après (Wong et al., 2012) 
 
Cependant, bien que de nombreuses études abordent l'hétérogénéité du phénotype et la 
fonction des sous-populations dans ces différents contextes inflammatoires, l’origine de 
l’expansion des monocytes et si cette expansion est la cause ou la conséquence de la pathologie 
restent peu connus. Nous aborderons plus en détails l’expansion des monocytes CD16+ et le rôle 





En conclusion, l’ensemble de ces données présentent les monocytes CD16+ comme une 
population motile, capable d’activer efficacement la réponse immunitaire T et possédant des 
propriétés pro-inflammatoires augmentées. Cette hétérogénéité indique que chaque sous-
population peut jouer un rôle clé au cours de l'homéostasie et de processus inflammatoires. 
 
B. Les monocytes murins 
 
1. Caractérisation phénotypique 
 
Les monocytes murins sont définis par l'expression des marqueurs suivants : CD115, 
F4/80, CD11b et Ly6C. Les modèles utilisant des souris transgéniques pour CX3CR1 ont tout 
d’abord permis de mettre en évidence deux sous-populations de monocytes exprimant 
différemment des récepteurs aux chimiokines : les monocytes Ly6ChiCCR2hiCX3CR1low et les 
monocytes Ly6ClowCCR2lowCX3CR1hi (Auffray et al., 2007; Geissmann et al., 2003; Palframan et 
al., 2001). Au cours des dernières années, une étude plus approfondie du phénotype des 
monocytes a permis d’établir une troisième catégorie de monocytes basées sur l’expression de 
CD43. De façon analogue aux monocytes humains, on identifie ainsi les monocytes classiques 
Ly6ChiCCR2hiCX3CR1lowCD43low, les monocytes non-classiques Ly6ClowCCR2lowCX3CR1hiCD43hi et 
enfin, les monocytes intermédiaires par une forte expression à la fois de Ly6C et CD43 
(Ly6ChiCD43hi) (Ziegler-Heitbrock et al., 2010). 
 
2. Caractérisation fonctionnelle 
 
La caractérisation fonctionnelle de la population intermédiaire a été très peu détaillée. 
Néanmoins, un grand nombre d’études a permis d’évaluer le rôle des populations classiques et 
non-classiques. Les monocytes classiques sont en premier lieu considérés comme les 
précurseurs des macrophages recrutés au cours d’une inflammation. Contrairement à l’homme, 
ces cellules possédent des propriétés pro-inflammatoires importantes (p. ex. : sécrétion d’IFN). 
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Les monocytes non-classiques quant à eux, possèdent une fonction de « patrouilleurs » 
puisqu’ils surveillent l’intégrité de la paroi endothéliale (Geissmann et al., 2003; Jakubzick et al., 
2013; Jung et al., 2000; Palframan et al., 2001) (Figure 3). 
 
Figure 3. Fonctions des monocytes circulants chez la souris. D’après (Ginhoux and Jung, 2014) 
 
Comme chez l’homme, du fait de l’expression différentielle de récepteurs aux 
chimiokines, les monocytes classiques migrent en réponse à CCL2 alors que les monocytes non 
classiques migrent en réponse à CX3CL1 (Geissmann et al., 2003). 
 
Au cours d’une inflammation, le nombre de monocytes classiques augmente suite à une 
augmentation de la monocytopoïèse dans la moelle osseuse et dans la rate. Ces cellules sont 
caractérisées par une forte capacité à traverser la barrière endothéliale et à rejoindre le site 
infectieux, comparées aux monocytes non-classiques. Bien que certaines études proposent que 
les monocytes non-classiques pourraient être les précurseurs des macrophages et cellules 
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dendritiques résidents (Gordon and Taylor, 2005), jusqu’à présent, le rôle des monocytes non-
classiques dans les tissus est inconnu. Enfin, de nombreuses observations indiquent que les 
deux sous-classes de monocytes ne proviennent pas de progéniteurs différents, mais d’une 
conversion des monocytes Ly6Chi en monocytes Ly6Clow (Sunderkotter et al., 2004; Varol et al., 
2007; Yona et al., 2013) (Figure 4).  
 
Figure 4. Origine des sous-populations de monocytes murins. 
 D’après (Gordon and Taylor, 2005) 
 
L’étude des sous-populations de monocytes murins, et les correspondances 
fonctionnelles avec les monocytes humains sont encore actuellement très étudiées. De futures 
études permettront d’améliorer nos connaissances dans ce domaine et de mieux comprendre le 
rôle de ces sous-populations en conditions physiologiques et inflammatoires.  
 
 




  Les macrophages jouent un rôle central dans les mécanismes de défense aux infections 
mais assurent aussi un rôle clé dans le maintien de l'homéostasie tissulaire, le remodelage et la 
réparation des tissus après un épisode inflammatoire. Pour assurer ces fonctions, les 
macrophages disposent d’une plasticité exceptionnelle qui dépend de leur localisation et des 
signaux présents dans leur environnement.  
 
A. Plasticité des macrophages résidents 
 
Chez les mammifères adultes, les macrophages sont distribués dans de nombreux 
organes et tissus. On distinguera par exemple, dans les poumons, les macrophages alvéolaires, 
les cellules de Kupffer dans le foie, les ostéoclastes dans l’os ou bien les cellules microgliales au 





Figure 5. Distribution et fonctions des macrophages tissulaires. D’après (Murray and Wynn, 
2011b) 
 
Les macrophages, par leur capacité à reconnaître et internaliser des agents pathogènes, 
participent à la défense de l’hôte contre les infections. Cependant, ces cellules tiennent aussi 
une place centrale dans le développement embryonnaire, l'homéostasie et la cicatrisation des 
plaies. A titre d'exemples, les ostéoclastes contribuent de façon essentielle à la résorption et 
donc au renouvellement osseux. Les souris déficientes pour le M-CSF (Macrophage Colony-
Stimulating Factor), un facteur essentiel assurant la différentiation des progéniteurs 
hématopoïétiques en macrophages, sont caractérisées par un défaut sévère de la croissance 
somatique, du développement du pancréas et du système nerveux et de la fertilité des mâles et 
des femelles (Gow et al., 2010; Pollard, 2009).  
 
Jusqu’à récemment, il était admis que l’ensemble des macrophages résidents résultaient 
de la différenciation des monocytes issus de la moelle osseuse. Cependant, cette notion est 
aujourd’hui insuffisante puisque plusieurs études chez la souris ont mis en évidence différentes 
origines des macrophages au cours de l’ontogénèse, générant différentes lignées persistant à 
l'âge adulte (Epelman et al., 2014; Ginhoux et al., 2010; Murray et al., 2014; Yona et al., 2013). 
En effet, à l’aide de techniques de « lineage tracing » (permettant de retracer la généalogie 
d’une lignée cellulaire), différentes équipes ont montré que les macrophages résidents 
tissulaires (fortement positifs pour F4/80; F4/80high), du pancréas, foie, cerveau étaient issus de 
progéniteurs embryonnaires du sac vitellin, tandis que les macrophages de la peau et la rate 
auraient une origine embryonnaire mixte (sac vitellin et foie fœtal) (Ginhoux et al., 2010; 
Hoeffel et al., 2012; Prinz and Priller, 2014; Schulz et al., 2012). Dans quelques tissus, tels que 
les reins et les poumons, les macrophages ont une origine chimérique dérivant à la fois du sac 





Figure 6. Origine des macrophages chez la souris. D’après (Prinz and Priller, 2014) 
 
Cependant, au cours d’une inflammation, il est considéré que les monocytes issus de la moelle 
osseuse sont la principale source de macrophages (Shi and Pamer, 2011). Les macrophages issus 
de la moelle osseuse et recrutés sur le site inflammatoire se distinguent par une faible 
expression de F4/80 (F4/80low) (Davies et al., 2013; Gordon and Taylor, 2005; Mantovani et al., 
2013). L’ensemble de ces données indiquent qu'il existe au moins trois lignées de macrophages 
chez la souris, qui débutent à différents stades du développement et dépendent à l'âge adulte 
des conditions inflammatoires perçues par l’organisme.  
 
Dans les tissus, à l’état non activé, les macrophages expriment des gènes distincts leur 
conférant une spécialisation fonctionnelle relative à  leur localisation dans les différents tissus 
de l’organisme (Gordon and Taylor, 2005). En effet, les macrophages alvéolaires expriment 
fortement les récepteurs de reconnaissance des motifs conservés des microorganismes afin 
d’éliminer les particules, microorganismes … des poumons. Dans la muqueuse intestinale, les 
macrophages, très nombreux, présentent la particularité d’avoir une capacité de phagocytose 
élevée, ainsi qu’une grande activité bactéricide sans pour autant produire beaucoup de 
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cytokines pro-inflammatoires (Davies et al., 2013) (Figure 5). Ces observations indiquent que les 
macrophages possèdent une plasticité unique en fonction de leur localisation. 
 
Néanmoins, quelle que soit leur origine ou leur localisation, les macrophages peuvent 
être confrontés à différents signaux de dangers. Pour répondre efficacement aux signaux 
détectés, les macrophages vont être capables de modifier profondément leur physiologie (Xue 
et al., 2014).  
  
 
B. Polarisation/ Programmes d’activation des macrophages  
 
Les macrophages peuvent s’activer en réponse à une multitude de stimuli inflammatoires 
incluant des pathogènes, des cellules apoptotiques ou nécrotiques, des chimiokines, des lipides, 
des cytokines… présents dans l’environnement. Chaque signal induit dans les macrophages un 
programme d’activation spécifique, générant des fonctions effectrices adaptées aux signaux 
détectés et assurant une réponse efficace.  
 
1. Nomenclature relative à l’activation s macrophages. 
 
Reflétant la nomenclature Th1/Th2 établis dans les lymphocytes, la polarisation des 
macrophages a été initialement dichotomisée en deux sous-types, les macrophages M1, induits 
par les cytokines de type Th1 (INF et TNF) et les macrophages M2 qui sont induits par des 
cytokines de type Th2 (IL-4 et IL-13) (Mills et al., 2000). L’activation des macrophages vers un 
programme M1 est définie comme une « activation classique » alors que la polarisation dite M2 
est un nom générique utilisé initialement pour différentes formes d’activation des macrophages 
autre que l’activation classique. On parle alors « d’activation alternative » (Mills et al., 2000). 
Toutefois, il est important de noter que les stades d’activation M1 et M2 apparaissent comme 
les extrémités d’un continuum de formes d’activation, avec un panel d’expression de récepteurs 
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et de fonctions variant selon les signaux présents dans le microenvironnement (Figure 7) 
(Murray et al., 2014).  
    
 
Figure 7. Continuum des formes d’activation des macrophages. Adapté de (Mosser and 
Edwards, 2008) 
 
David M Mosser a tout d’abord proposé de classifier les macrophages selon les fonctions 
développées par ces cellules. On distingue par exemple les macrophages M1 comme des 
cellules pro-inflammatoires, les macrophages M2a comme des cellules « réparatrices », les 
cellules M2c comme « régulatrices » (Figure 7) (Mosser and Edwards, 2008). Très récemment, 
un consensus a été publié par un comité de scientifiques, proposant une nouvelle nomenclature 
capable de nuancer les différents profils d’activation des macrophages en fonction des signaux 
inducteurs (Murray et al., 2014). Par exemple, parmi les M1 on peut séparer les macrophages 
activés par l’IFN ou M(IFN), le LPS ou M(LPS) ou encore le GM-CSF (Granulocyte macrophage-
colony stimulating factor) ou M(GM-SCF). Parmi les macrophages M2, on distingue les 
macrophages activés par l’IL-4 ou M(IL-4), par des complexes immuns ou M(complexes 
immuns), par l’IL-10 ou M(IL-10) ou encore par l’IL-6 ou M(IL-6). Dans la section ci-dessous, je 
décrirai donc selon la dernière nomenclature proposée, les principaux signaux à l’origine de ce 




2. M1 ou activation classique. 
 
  Le terme d’activation classique des macrophages a été utilisé pour désigner des 
macrophages possédant une activité pro–inflammatoire; c’est-à-dire une activité microbicide ou 
anti-tumorale augmentée et une capacité accrue à sécréter des cytokines et médiateurs pro-
inflammatoires. On appelle stimuli M1, les signaux capables de déclencher dans les 
macrophages l’expression des marqueurs-type (p. ex. : CMHII, CD80, CD86) et les fonctions 
associées à une activation pro-inflammatoire. Cependant, par leur source de sécrétion, les 
récepteurs qu’ils activent et par leur capacité intrinsèque à induire des signalisations 
moléculaires, nous pouvons distinguer différents stimuli M1. Nous discuterons ici à titre 
d’exemple, trois des principaux stimuli M1.  
 
i.  M(IFN-) 
 
L’IFN-, est une cytokine qui peut être produite par les cellules de l’immunité innée et 
adaptative. Parmi ces cellules, les cellules NK (Natural Killer) représentent une source majeure. 
En effet, les cellules NK répondent aux infections (virale ou bactérienne) en sécrétant 
principalement de l’IFN- qui stimule les macrophages à sécréter des cytokines pro-
inflammatoires, des anions superoxydes, des radicaux libres afin d’assurer l’élimination les 
pathogènes (Schroder et al., 2004). La reconnaissance de l’IFN- par les macrophages va 
déclencher le recrutement séquentiel de kinases de la famille Janus (JAKs: JAK1, JAK3 puis TYK2 
(Tyrosine Kinase 2)) et activer les facteurs STAT1 et 6, lesquels vont contrôler la transcription de 
gènes-cibles nécessaires à l’activation du macrophage (Schroder et al., 2004).  
Une perte du récepteur à l’IFN- chez la souris n’induit pas de défauts majeurs sur le 
développement et la mise en place du système immunitaire. Cependant, ces souris sont très 
sensibles aux infections bactériennes, parasitaires et virales (Buchmeier and Schreiber, 1985; 
Huang et al., 1993; Pearl et al., 2001; Suzuki et al., 1988). Chez l’homme, des mutations au 
niveau de ce récepteur sont à l’origine de sévères immunodéficiences et d’infections 
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mycobactériennes atypiques disséminées (p. ex. : susceptibilité à M. avium ; M. kansasii ; M. 
chelonei…) (Dorman and Holland, 2000). 
 
 
ii.  M(LPS) 
 
Les molécules associées aux pathogènes (PAMPs ; Pathogen-Associated Molecular 
Pattern) sont principalement reconnues par des récepteurs de type TLR (Toll-Like Receptor) et 
induisent dans les macrophages une activation de type M1. In vitro, le LPS et le LTA (Lipoteichoic 
acid) sont les PAMPs, provenant respectivement de bactéries Gram négatives ou positives, les 
plus couramment utlisées (Zhang and Mosser, 2008). La liaison des PAMPs par les TLR active le 
recrutement de nombreux adaptateurs incluant MyD88 (Myeloid Differentiation primary 
response gene 88) et TIRAP (TIR domain-containing Adaptator Protein), puis l’activation des 
facteurs de transcription appartenant aux membres de la famille EGR (Early Growth Response) 
et IRF (Interferon Regulatory Factor) ainsi que NFB (Nuclear Factor B), AP-1 (Activator Protein 
1), et STAT1 (Signal Transducers and Activators of Transcription 1) (Kawai and Akira, 2007). 
L’activation de ces facteurs induit la sécrétion de cytokines pro-inflammatoires (IFN, IL-12, 
TNF, IL-6, IL-1), de chimiokines (CCL2, CXCL10, CXCL11), de molécules de présentation 
d’antigène (CMHII) et de molécules de co-stimulation (Martinez and Gordon, 2014). 
Bien que certaines fonctions induites par l’IFN- et le LPS soient comparables, le degré de 
similitude n’est pas suffisant pour considérer les deux stimuli comme homologues (Martinez 
and Gordon, 2014).  
Comme pour l’IFN-, le nombre de macrophages chez les souris déficientes pour les TLR est 
normal mais leur capacité à reconnaitre les pathogènes est fortement altérée et donc la survie 
de la souris vis-à-vis des infections est dramatiquement diminuée (Netea et al., 2012). Chez 
l’homme, des mutations génétiques au sein de la famille des TLR sont associées, comme chez la 
souris, à une susceptibilité accrue aux infections par les mycobactéries, pneumocoques, 




iii. M(GM-CSF)  
 
Le facteur GM-CSF est une cytokine-clé de l’immunité et de l’inflammation car elle est 
retrouvée dans différents environnements inflammatoires : au niveau de biopsies cutanées de 
patients allergiques présentant des réactions cutanées, dans le liquide synovial de patients 
atteints d’arthrite rhumatoïde ou encore dans le sang de patients présentant une hypertension 
artérielle (Hamilton, 2002; Parissis et al., 2002). Au cours d’une inflammation, le GM-CSF peut 
être sécrété par de nombreuses cellules telles que les lymphocytes T, les cellules endothéliales, 
les fibroblastes et les macrophages eux-mêmes (Shi et al., 2006). Lorsqu’il est activé, le 
récepteur au GM-CSF recrute JAK2, entrainant l’activation de STAT5, ERK (Extracellular signal-
Regulated Kinase) et PKB (Protein Kinase B) ainsi que la translocation nucléaire de NFB et IRF5 
(Krausgruber et al., 2011). En réponse au GM-CSF, les macrophages sont mieux capables de 
présenter les antigènes, augmentent leur activité microbicide et leur aptitude à phagocyter. Par 
ailleurs, sous l’action de cette cytokine, les macrophages produisent plus d’IL-6, d’IL-8, de GM-
CSF, de TNF et d’IL-1 (mais en moins grande quantité qu’une stimulation induite par du LPS) 
(Martinez and Gordon, 2014). 
 
3. M2 ou activation alternative. 
 
De façon générale le terme de « macrophages M2 » regroupe les fonctions des 
macrophages capables d’antagoniser un environnement inflammatoire de type Th1. On parle 
alors d’activation alternative. Ce terme regroupe un grand nombre d’états qui dépendent, tout 
comme les macrophages M1, des stimuli présents dans l’environnement. Je discuterai ici les 
quatre principaux stimuli M2.  
 
i. M(IL-4) ou macrophages M2a 
 
L’IL-4 est un des premiers facteurs à être sécrétés suite à un dommage tissulaire. Il est 
présent dans un grand nombre de pathologies comme l’asthme (Luzina et al., 2012), 
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l’inflammation des muqueuses (West et al., 1996), les infections fongiques et parasitaires (Reese 
et al., 2007). L’IL-4 est produite par les cellules de l’immunité adaptative (lymphocytes Th2, T 
CD8+) et de l’immunité innée (éosinophiles, basophiles, mastocytes). Dans les macrophages, la 
fixation de l’IL-4 avec la chaine de l’IL4R entraine la dimérisation de cette chaine avec la chaine 
IL13R1 pour former un récepteur de type II. Cette dimérisation active les voies de signalisation 
impliquant les kinases JAK1 et TyK2, aboutit à la phosphorylation puis à la translocation 




Figure 8. Signalisation induite par IL-4 dans les macrophages 
 
D’autres facteurs de transcription sont également impliqués tels que c-Myc et IRF-4 (IFN 
Regulatory Factor-4) (Pello et al., 2012; Satoh et al., 2010). L’activation des macrophages par 
l’IL-4 est définie en terme de marqueurs par une induction des molécules de CMHII, des 
récepteurs lectine de type-C (récepteur au mannose, dectine…) et des récepteurs éboueurs (ou 
scavengers) à la surface des cellules (Martinez et al., 2009; Stein et al., 1992). Certains 
marqueurs sont strictement murins : YM1, YM2, appartenant à la famille des chitinases ou 
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encore FIZZ1 (Raes et al., 2002). L’arginase1 (ARG1) est également un marqueur important de 
l’activation induite par l’IL-4 chez la souris. Non seulement l’ARG1 inhibe la synthèse de l’oxyde 
nitrique par la NOS (Nitric Oxyde Synthase) lors d’une réponse inflammatoire, mais elle stimule 
aussi la production de L-ornithine, un précurseur de polyamines et de proline, impliquées dans 
la prolifération cellulaire et la réparation tissulaire respectivement (Maarsingh et al., 2008). De 
ce fait, les macrophages induits par l’IL-4, aussi nommés macrophages M2a, sont considérés 
comme « réparateurs».  
L’IL-13 est un autre facteur majeur conduisant au phénotype M2a. Il est intéressant de noter 
que les voies de signalisation induites par l’IL-4 et l’IL-13 sont considérées comme équivalentes 
Cependant, il existe des différences de cinétique et d’intensité de réponse. En effet des résultats 
indiquent que l’IL-4 induit la phosphorylation de STAT-6 à des doses 5 à 10 fois plus faibles que 
l’IL-13. Cette réponse apparaît également beaucoup plus lente (LaPorte et al., 2008).  
Enfin, le nombre et la maturation des macrophages chez une souris déficiente pour l’IL-4 sont 
normaux. Cependant, des défauts apparaissent au cours de la réponse immunitaire contre les 
nématodes et quelques infections virales (Van Dyken and Locksley, 2013). Chez l’homme, les 
polymorphismes dans la chaine du récepteur à l’IL-4 ont été associés au développement 
d’asthme et d’allergie atopiques (Beghe et al., 2003) 
 
ii. M(complexes immuns) ou macrophage M2b 
 
Une autre catégorie de signaux induisant une activation alternative a été définie par D.M 
Mosser et a été classifiée « M2b » par A. Mantovani (Mantovani et al., 2004). Parmi ces signaux, 
on distingue principalement les complexes immuns et l’IL-1. Les complexes immuns résultent de 
la liaison d’un anticorps avec un antigène. Il s'agit d'un phénomène habituel lors de la réponse 
immunitaire, généralement bénéfique pour l'hôte puisqu'il induit la neutralisation ou 
l'élimination de l’antigène. Ces complexes sont reconnus par des récepteurs de type Fc tels que 
FcRI (CD64), FcRII (CD32) et FcRIII (CD16). CD32 semble crucial pour l’activation de type M2b 
dans les macrophages humains (Sironi et al., 2006). L’activation de ces récepteurs par les 
complexes immuns implique l’activation des kinases de la famille Src (Lyn, Fgr) et le recrutement 
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de la Spleen Tyrosine Kinase (SYK), de la phosphoinositide3-kinase (PI3K) et la contribution de 
MyD88 (Sanchez-Mejorada and Rosales, 1998; Sironi et al., 2006).  
Les macrophages activés de type M2b sont largement impliqués dans la réponse immunitaire de 
type Th2. Ils sont définis par des niveaux élevés de CD86 et de CMHII, ils produisent de fortes 
quantités de facteurs anti-inflammatoires tels que l’IL-10 et de facteurs pro-inflammatoires 
comme l'IL-1, TNFα et IL-6 (Zhang et al., 2011). Par ailleurs, les macrophages M2b sont 
caractérisés par une meilleure capacité à présenter les antigènes (Anderson and Mosser, 2002). 
Ces macrophages sont distincts des M(IL4) par leur profil d’expression génique (Mantovani et 
al., 2004).  
Les animaux déficients pour les récepteurs Fc possèdent un nombre normal de macrophages 
mais leur capacité à phagocyter est hautement altérée (Takai, 2002). Chez l’Homme, des 
modifications génétiques au niveau des récepteurs Fc contribuent à des maladies auto-immunes 
telles que le lupus, la polyarthrite rhumatoïde, et la sclérose en plaque (Takai, 2002). 
 
iii. M(IL-10) ou macrophage M2c 
 
L’IL-10 est une cytokine produite par tous les leucocytes, elle agit en diminuant l’activité 
pro-inflammatoire d’une réponse immunitaire. L’IL-10 se distingue des autres molécules 
immunosuppressives par son action préférentielle sur les cellules monocytaires. Le récepteur à 
l’IL-10 (IL-10R) est un complexe tétramérique composé de deux chaines d’IL-10R1 et deux 
chaines d’IL-10R2. La liaison de l'IL-10 au domaine extracellulaire de l'IL-10R1 active la 
phosphorylation de JAK1 et TYK2, lesquelles permettent l’activation et la translocation nucléaire 




Figure 9. Voie de signalisation induite par l’IL-10 dans les macrophages. 
 
Le facteur de transcription STAT3 contrôle, entre autres, l’expression des récepteurs de type Fc 
(CD16), des récepteurs scavengers (CD163), des récepteurs tyrosine kinase MerTK (Zizzo et al., 
2012). Par ailleurs, STAT3 est également capable de stimuler l’expression de SOCS-3 
(suppresseur de signalisation des cytokines-3) dont la fonction est d’inhiber l'expression de 
facteurs pro-inflammatoires tels que TNF et IL-1 (Donnelly et al., 1999). Ainsi, les macrophages 
stimulés par l’IL-10 présentent une faible expression de facteurs pro-inflammatoires et une 
forte capacité à éliminer les corps apoptotiques ; ils inhibent à leur tour l’activité des 
lymphocytes Th1 et au contraire activent les lymphocytes T régulateurs impliqués dans la 
tolérance immunitaire (Lu et al., 2013; Zizzo et al., 2012). Pour ces raisons, le terme de cellules 
« régulatrices » est également attribué aux cellules M2c.  
Les souris déficientes pour l’IL-10 ou IL-10-R ont un nombre normal de macrophages 
mais développent spontanément des maladies inflammatoires de l’intestin et montrent une 
réponse inflammatoire exagérée aux parasites (Gazzinelli et al., 1996; Sellon et al., 1998). Chez 
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l’homme, un défaut du récepteur à l’IL-10 est associé à des colites et des inflammations 
exacerbées (Moran et al., 2013) 
 
iv. M(IL-6) ou macrophages M2d  
 
L’IL-6 est une cytokine assurant une multitude de fonctions physiologiques, y compris 
l'activation de gènes, la prolifération et la différenciation cellulaire (Kishimoto, 2005). 
Normalement, l'expression de l’IL-6 est étroitement régulée, mais une expression élevée d'IL-6 
est souvent reportée chez les patients atteints de cancer et est généralement associée à un 
mauvais pronostic (Kishimoto, 2005; Knupfer and Preiss, 2007; Salem et al., 2000). Bien que la 
sécrétion d’IL-6 soit principalement reportée dans des contextes tumoraux, on peut aussi doser 
une quantité anormale de cette cytokine dans certaines maladies inflammatoires chroniques 
telles que la polyarthrite rhumatoïde (Foti et al., 1999). Le récepteur à l’IL‐6 
est composé d’une chaîne  associée à deux chaînes gp130 (Jenkins et al., 2004). La liaison de 
l'IL-6 à son récepteur déclenche l'activation de JAK1 et JAK2 qui phosphorylent et activent 
principalement les facteurs de transcription STAT3, et tyrosine phosphatase SHP2 (Jenkins et al., 
2004). En présence d’IL-6, les macrophages expriment de hauts niveaux de CD14, CD163, CMHII, 
CD68 et CD204. Par ailleurs, ces macrophages sont aussi caractérisés par une forte capacité à 
sécréter les facteurs CCL18, VEGF, IL-10 ainsi que des métallo-protéases, mais une faible 
quantité de TNF et IL-12  (Duluc et al., 2007; Ferrante et al., 2013; Heusinkveld and van der 
Burg, 2011). 
Les souris déficientes pour l’IL-6 présentent un nombre normal de macrophages (Zhang 
et al., 2013) et sont plus sensibles aux infections (Dalrymple et al., 1995). Cependant, elles sont 
beaucoup plus résistantes au développement tumoral ou à celui d’une polyarthrite rhumatoïde 
(Ancrile et al., 2007; Ohshima et al., 1998). 
Chez l’homme, une modification du récepteur à l’IL-6 est associée à un risqué élevé de 
fibrillations atriales (trouble du rythme cardiaque) et de maladies cardiovasculaires (Sarwar et 
al., 2012; Scheller and Rose-John, 2012; Wu et al., 2014). Par ailleurs, des études cliniques 
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testant l’efficacité d’anticorps neutralisants de l’IL-6 contre différentes pathologies 




Les différents types d’activation des macrophages sont impliqués dans un grand nombre 
de processus inflammatoires, tels que les troubles métaboliques et vasculaires, l'infection, le 
cancer ou encore les mécanismes de réparations tissulaires (Figure 10).  
 
 
Figure 10. Représentation schématique de la polarisation des macrophages dans différentes 
pathologies. D’après (Sica and Mantovani, 2012) 
 
Au cours d’une inflammation, des modifications dynamiques de la polarisation des 
macrophages sont observées. Ces changements peuvent être bénéfiques ou néfastes pour 
l’organisme en fonction de l’origine de l’inflammation. Par exemple, comme nous le verrons 
plus en détails dans la suite de ce manuscrit, la transition des macrophages M1 vers un profil 
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M2 au cours d’une réponse inflammatoire aigüe assure le retour à l’homéostasie des tissus 
après un dommage tissulaire. Au contraire, cette même transition observée dans un contexte 
infectieux induit par Mycobacterium tuberculosis est associée à la phase chronique et active de 
la tuberculose (Figure 10). Nous allons donc dans la suite nous concentrer sur ces deux 
phénomènes et étudier les mécanismes et les rôles de la polarisation des macrophages dans 




Chapitre 2. Ro le des 
monocytes/macrophages au cours d’une 
inflammation aigu e 
 
I. L’inflammation : définition 
 
’inflammation est la réaction de l’organisme la plus anciennement décrite. Elle est 
caractérisée par des manifestations cliniques dont la description initiale remonte à 
Aulus Cornelius Celsus il y a plus de 2000 ans. La réaction inflammatoire correspond à 
l’association d’une rougeur (Heat / rubor), d’un œdème (Swelling / Tumor), d’une augmentation 
locale de température (Heat / Calor) et d’une douleur (Pain / Dolor) auxquelles R. Virchow, au 
XIXème siècle, a ajouté l’impotence fonctionnelle (Loss of function / Functio Laesa) (Lawrence et 
al., 2002) (Figure 11).   
  
 
Figure 11. Les cinq piliers de l’inflammation. D’après (Lawrence et al., 2002) 
 
Les sensations de chaleur et de rougeur résultent d’une vasodilatation locale, qui génère 
l’augmentation du débit sanguin et assure ainsi un fort recrutement de leucocytes circulants et 
de protéines plasmatiques. La diffusion de l’eau du plasma vers les tissus cause un œdème qui, 




Les causes de l’inflammation sont diverses. Il peut s’agir d’un micro-organisme infectieux ou 
non, d’une atteinte tissulaire ou cellulaire d’origine physique ou chimique, ou encore d’un agent 
endogène (protéines mutées, dysfonctionnement tissulaire). L’inflammation aigüe est une 
réponse bénéfique qui vise à éliminer l’élément causal puis à réparer les tissus endommagés 
(Serhan and Savill, 2005). Cependant, l’agressivité de l’agent inflammatoire, sa persistance, ou 
des défauts des mécanismes de régulation du processus inflammatoire peuvent induire une 
inflammation persistante et causer le développement de pathologies chroniques comme la 
polyarthrite rhumatoïde, la maladie de Crohn, le diabète mais également le cancer (Barton, 
2008; Medzhitov, 2008; Nathan, 2002). De plus, une inflammation mal contrôlée peut s’étendre 
au reste de l’organisme via la circulation sanguine. Elle provoque alors des dommages tissulaires 
irréversibles locaux ou généralisés. Par exemple, une infection mal maîtrisée entraîne un choc 
septique se traduisant dans les cas les plus graves par le décès (Barton, 2008; Medzhitov, 2008; 
Nathan, 2002). 
La réponse inflammatoire a donc pour objectif de réparer les atteintes par une réponse rapide 
et organisée tout en assurant l’intégrité du reste de l’organisme. Classiquement, une réponse 
inflammatoire aigue est décrite selon quatre étapes : la reconnaissance des signaux de danger, 
le recrutement de leucocytes, l’élimination de l’élément inflammatoire et enfin la phase de 
résolution de l’inflammation qui permet le retour à l’homéostasie et à la cicatrisation du tissu 
lésé (Barton, 2008) (Figure 12). Chacune de ces phases constitue des processus actifs. Elles 
nécessitent des acteurs cellulaires spécifiques, des médiateurs moléculaires et des voies de 






Figure 12. Représentation schématique de la réponse inflammatoire 
 
II. Initiation de la réaction inflammatoire : détection d’un signal de danger  
 
Les signaux de dangers peuvent être définis en deux grandes catégories. La première 
comprend l’ensemble des motifs moléculaires associés aux pathogènes (PAMPs : Pathogen-
Associated Molecular Patterns). Ces motifs peuvent être des molécules entières ou, le plus 
souvent, un fragment d’un l’agent étranger, et alertent l’organisme d’une intrusion (Janeway 
and Medzhitov, 2002). La deuxième catégorie comprend l’ensemble des molécules associées 
aux dommages tissulaires (DAMPs : Damage-Associated Molecular Patterns). Ces molécules, 
également appelées Alarmines, sont considérées comme endogènes et préviennent l’organisme 
d’un traumatisme causant des dommages cellulaires ou tissulaires (Bianchi, 2007).  
Les PAMPs et les DAMPs sont reconnus par des récepteurs, les PRRs (Pattern Recognition 
Receptors), qui, d’un point de vue évolutif, sont les plus anciens composants du système 
immunitaire (Medzhitov and Janeway, 2000). Ces récepteurs, hautement conservés, sont 
exprimés sur les cellules du système immunitaire inné (p. ex. : macrophages, cellules 
dendritiques), assurant ainsi à ces cellules la détection rapide d’une infection ou d’une blessure 





Figure 13. Les deux classes de signaux de dangers causant une inflammation. D’après (Rosin 
and Okusa, 2011) 
 
A. Les signaux de dangers exogènes : les PAMPS 
 
Les PAMPs constituent une large famille de molécules incluant les acides nucléiques 
microbiens, y compris l'ADN (par exemple, les motifs CpG non méthylés), de l'ARN double brin, 
l’ARN simple brin et l'ARN 5'-triphosphate, ainsi que les lipoprotéines, les glycoprotéines de 
surface, et des composants de la membrane (LPS, peptidoglycanes, l'acide lipotéichoïque, et les 
glycosylphosphatidylinositol) (Mogensen, 2009). Ces molécules sont principalement reconnues 
par les macrophages et les cellules dendritiques résidant dans les tissus, par le biais des 
récepteurs PRRs exprimés par ces cellules. Parmi ces récepteurs, on distingue les TLRs (Toll-like 
receptors) présents à la membrane plasmique, les NLRs (Nod-like receptors ou NACHT-domain 
and leucine rich repeat containing) qui sont cytoplasmiques. Les protéines du complément, les 
protéines liant le mannose ou le LPS, les récepteurs éboueurs (scavenger receptor)» ou encore 
les récepteurs lectine de type C appartiennent également à cette famille des PPRs (Lee and Kim, 
2007). La reconnaissance des PAMPS par les TLRs ou les NLRs induit l’activation de voies de 
signalisation intracellulaires, incluant des molécules d'adaptatrices (p. ex. : MyD88), des kinases 
(p.ex. : IRAK) et des facteurs de transcription tels que le facteur nucléaire-B (NF-B), 
l’activateur de la protéine-1 (AP-1), et les facteurs de régulation de l'interféron (IRF) (Kawai and 




Figure 14. Activation des PRRs par des signaux de dangers exogènes. Exemple de l’ADN viral. 
Adapté de (Koyama et al., 2008) 
 
L’activation des macrophages et des cellules dendritiques par les PAMPs induit  
l'expression de nombreuses protéines pro-inflammatoires telles que des cytokines (TNF, IL-
1), des chimiokines (CXCL1, CXCL2, …), des protéases (MMP13, caspase-1), des médiateurs 
lipidiques (prostaglandines, leucotriènes), des molécules de co-stimulation (CD86, CD40, …) 
permettant d’activer la réponse immunitaire adaptative (lymphocytes B et T essentiellement). 
Cette activation  stimule également l’expression de molécules d'adhérence (VCAM-1) aux 
cellules endothéliales (Newton and Dixit, 2012). 
 
 




En 2007, apparaît le terme « alarmine » pour désigner les molécules capables d’alerter 
l’organisme de dommages cellulaires (Oppenheim et al., 2007). Ces molécules présentent des 
caractéristiques types : (1) elles sont rapidement produites après une mort cellulaire non 
programmée (nécrose) mais pas par les cellules apoptotiques, (2) les cellules du système 
immunitaire (macrophages et les cellules dendritiques) peuvent également produire et sécréter 
des alarmines sans aucun processus de mortalité, généralement via l’utilisation de systèmes de 
sécrétion spécialisés ou par la voie classique du réticulum endoplasmique (RE)-Golgi, et (3) elles 
sont capables de recruter et d’activer les cellules du système immunitaire exprimant des PRRs. 
(4) Finalement, les alarmines participent aussi au retour à l’homéostasie tissulaire en favorisant 
la réparation des tissus endommagés (Bianchi, 2007). 
Les alarmines sont très diverses. On peut citer la protéine HMGB1 (High-Mobility Group Box 1 
protein), la famille des protéines S100 (S100A8, S100A9 et S100A12), les HSP (Heat Shock 
Protein), l’acide urique et les AGEs (Advanced Glycation End-products) (Bianchi, 2007). D’autres 
facteurs sécrétés comme les espèces réactives de l’oxygène (ROS ; Reactive Oxygen Species), les 
SAP130 (spliceosome-associated protein 130), les cytokines IL-1, IL-33 (et bien d’autres) font 
également partie de la famille des alarmines (Hirsiger et al., 2012). Ces molécules peuvent être 
libérées passivement par perméabilité de la membrane plasmique lors d’une nécrose cellulaire 
ou bien lors d’un mécanisme actif de sécrétion non canonique (indépendant de la voie RE-Golgi) 
impliquant l’inflammasome (via la caspase 1 activée) (Keller et al., 2008; Lamkanfi et al., 2010). 
HMGB1 est une des alarmines les mieux caractérisées. On la retrouve dans les phases précoces 
et tardives de choc septique (Keller et al., 2008; Wang et al., 1999) et au cours d’inflammations 
stériles telles que les hépatites hypoxiques (Tsung et al., 2005; Yang and Tracey, 2010). Les 
protéines de type S100 constituent une large famille de protéines liant le calcium et sont 
impliquées dans l’inflammation ou les fibroses associées au cancer et également dans certaines 
maladies des reins, du cœur, ou des poumons (Schneider et al., 2008). L’acide urique, soluble 
dans le milieu intracellulaire, précipite lorsqu’il est libéré dans le milieu extracellulaire pour 
donner des cristaux d’acide urique. Dans la goutte, les cristaux d’acide urique déposés au niveau 
articulaire déclenchent une réaction inflammatoire (Petrilli and Martinon, 2007). Les AGEs sont 
des protéines ou des lipides modifiés par glycosylation et oxydation en présence de sucre. Ces 
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AGEs sont majeurs chez les patients diabétiques et contribuent au développement de 
l’athérosclérose (Goldin et al., 2006), mais ils sont aussi impliqués dans les processus liés au 
vieillissement, comme l'angiopathie, l'insuffisance rénale et les maladies neurodégénératives 
(Yamagishi, 2012). De nombreux PRRs exprimés par les macrophages et les cellules 
dendritiques, incluant  notamment les TLR et les RAGEs (Receptor of Advanced Glycation End-
products) sont capables de détecter des signaux de dangers endogènes (Tableau 2) 
 
 














RAGE, TLR2, TLR4, TLR9 
et CD24 
Protéines S100 RAGE 
HSP 
TLR2, TLR4, CD91, CD24, 
CD14 et CD40 
Cristaux (acide urique, 





IL-33; IL-1 ST2R; IL1R 
 
Tableau 2. Les principaux récepteurs des signaux de dangers endogènes (Chen and Nunez, 
2010; Jounai et al., 2012; Nakanishi et al., 1991; Schmitz et al., 2005) 
 
Comme les signaux exogènes, la liaison des alarmines aux PRRs activent de nombreuses voies de 
signalisation intracellulaire. Parmi elles, les signalisations dépendantes de MyD88, des kinases 
SYK et ERK, génèrent l’activation des facteurs de transcriptions tels que NF-B et MAP kinases, 
conduisant à la sécrétion, par exemple, de facteurs pro-inflammatoires (CXCL1, CXCL2, TNF, IL-
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Figure 15. Activation des macrophages résidents par des signaux endogènes. D’après 
(Soehnlein and Lindbom, 2010) 
 
L’activation des macrophages par des DAMPs, peut également stimuler leur prolifération et leur 
propriété angiogénique (Chan et al., 2012). 
 
Un même agent inflammatoire peut simultanément activer des voies de signalisation 
dépendantes des DAMPs et des PAMPs. En effet, l’entrée d’un pathogène dans les cellules peut 
induire des dommages cellulaires importants (p. ex. : nécrose). A l’inverse, une plaie cutanée 
peut également être une porte d’entrée à divers pathogènes. Ainsi, il n’est pas rare qu’une 
inflammation soit induite simultanément par des DAMPs et des PAMPs. Quoi qu’il en soit, les 
signaux d’origine exogènes et/ou endogènes vont être reconnus par les récepteurs de 
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III. Recrutement leucocytaire et élimination de l’agent inflammatoire 
 
Après reconnaissance de signaux de danger, l’organisme va recruter des cellules du 
système immunitaire inné et si nécessaire du système immunitaire adaptatif afin de neutraliser 
l’agent responsable de l’inflammation. La réponse immunitaire adaptative ne sera pas abordée 
en détail dans ce manuscrit, ayant privilégié, au cours de ma thèse, le rôle de l’immunité innée 
dans l’inflammation aigüe.  
 
Les cytokines et autres facteurs pro-inflammatoires sécrétés suite à la reconnaissance 
des signaux de danger par les PRRs vont favoriser la vasodilatation et l’extravasion des 
leucocytes vers le site inflammatoire (Nathan, 2002). En effet, le TNF, l’IL-1, des médiateurs 
lipidiques (prostaglandines et leucotriènes), les chimiokines (CXCL1, CXCL2, …) vont conduire à 
la migration de leucocytes vers le site inflammatoire (Nathan, 2002). Les premières cellules 
recrutées sont les polynucléaires neutrophiles alors que les monocytes/macrophages sont 
présents plus tardivement.  
 
Les neutrophiles sont armés d’une batterie de protéines toxiques facilitant la défense de 
l’organisme, notamment des protéases capables de dégrader les organismes microbiens 
(Nathan, 2006). Les neutrophiles produisent également les espèces réactives de l’oxygène (ROS) 
et des espèces réactives de l’azote (RNS) qui participent à la dénaturation des protéines et de 
l’ADN (Fialkow et al., 2007). L’ensemble de ces molécules anti-microbiennes, efficaces contre les 
pathogènes par leur toxicité, induisent cependant des dommages tissulaires au niveau du site 
où elles sont sécrétées. Les mécanismes de réparation tissulaire qui en découlent seront 
discutés dans la section IV.B. Le recrutement de monocytes/macrophages sur le site 
inflammatoire contribue également à l’élimination des pathogènes via la phagocytose et la 
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sécrétion de protéases, de peptides anti-microbiens et de ROS (Bilitewski, 2008). Le large panel 
de sécrétion cytokinique, chimiokinique et lipidique des macrophages influence également les 
mécanismes de la réponse innée et adaptative (Mosser and Edwards, 2008). Les cellules 
épithéliales ainsi que les kératinocytes forment une barrière physique face aux agents 
inflammatoires et sont également capables de sécréter des peptides antimicrobiens (-
defensin) (Nathan, 2006). Ensemble, les neutrophiles et les macrophages vont neutraliser 
l’agent responsable de l’inflammation, qu’il soit endo- ou exogène, et assurer son élimination 
par leur capacité à phagocyter (Elliott and Ravichandran, 2010; Kinchen and Ravichandran, 
2008). 
 
Cependant, bien qu’efficace, la réponse immunitaire innée n’est pas toujours capable 
d’éliminer les agents pathogènes. La persistance d’un signal de danger sur le site inflammatoire 
va donc conduire à la mise en place d’une réponse plus spécifique, assurée par le système 
immunitaire adaptatif grâce au recrutement de lymphocytes (Galli et al., 2011). Cette transition 
est contrôlée par les cellules présentatrices d’antigènes (macrophages et des cellules 
dendritiques) qui vont présenter les antigènes aux cellules T naïves. Cette stimulation induit la 
prolifération des lymphocytes et leur différenciation en cellules T effectrices (p. ex. : Th1) qui se 
distinguent par leur production de cytokines et leurs fonctions associées (p. ex. : IFN) 
(Steinman, 2001). 
 
IV. La résolution de l’inflammation 
 
Comme nous l’avons évoqué précédemment, une réponse inflammatoire non régulée 
peut conduire à sa persistance et à des lésions tissulaires locales pouvant conduire à une perte 
de fonction de l’organe lésé ou généralisée à l’organisme comme dans le choc septique. Ainsi, 
de sa résolution dépend la réussite de la réaction inflammatoire. 
Les mécanismes de résolution sont efficaces lorsqu’ils impliquent des processus de tolérance et 
de réparation. Au cours de cette dernière phase de la réponse inflammatoire aigüe, je détaillerai 




A. Arrêt de l’inflammation 
 
Les chimiokines sont les signaux moléculaires qui orchestrent la migration des leucocytes 
vers le site inflammatoire. L’arrêt de l’influx des neutrophiles est un prérequis indispensable 
pour démarrer les mécanismes de résolution de l’inflammation. Pour cela, lorsque que l’agent 
causant l’inflammation est neutralisé, l’organisme développe des mécanismes de « clivage » par 
protéolyse et de « séquestration » des chimiokines (Figure 16)  
 
 
Figure 16. Suppression des chimiokines au cours de la résolution de l’inflammation. D’après  
(Ortega-Gomez et al., 2013) 
 
La métalloprotéase matricielle 12 (MMP12 ; Matrix Metalloproteasis 12) sécrétée par les 
macrophages clive les chimiokines de type « CXC » au niveau de leur motif ELR (motif 
Glutamate-Leucine-Arginine), lequel est crucial pour sa liaison avec son récepteur (Dean et al., 
2008). Les récepteurs « decoy » sont des protéines transmembranaires de la membrane 
plasmique qui ont perdu leur motif conservé « DRY » et ne peuvent plus interagir avec les 
protéines G intracellulaires. Ainsi, ces récepteurs séquestrent les chimiokines à leur surface et 
sont incapables d’activer les voies de signalisation induite par cette liaison (Mantovani et al., 
2006). De plus, la présence de l’IL-10 dans le microenvironnement déclenche l’apparition de 
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récepteurs « decoy » à la surface des monocytes et des cellules dendritique (D'Amico et al., 
2000) favorisant ainsi l’élimination des chimiokines. 
L’arrêt du recrutement des neutrophiles est une première étape requise pour créer un 
environnement pro-résolvant. L’induction de l’apoptose et l’élimination des neutrophiles 
apoptotiques présents au sein du site constituent une deuxième étape essentielle à la 
résolution de l’inflammation. Les neutrophiles sont des cellules ayant une durée de vie courte 
(environ 12 heures). Cependant, une fois sur le site inflammatoire, la durée de vie des 
neutrophiles peut être modifiée par l’environnement local (Ortega-Gomez et al., 2013). En effet, 
le TNF, le GM-CSF et l’hypoxie augmentent la durée de vie des neutrophiles alors que les ROS, 
l’annexine A1 (AnxA1) ou encore la lactoferrine stimulent leur apoptose  (Figure 17). 
 
Figure 17. Facteurs contrôlant la durée de vie des neutrophiles sur le site inflammatoire. 
D’après (Ortega-Gomez et al., 2013). 
 
Parmi les multiples changements qui s’opèrent à la surface des cellules apoptotiques, la 
perte de l'asymétrie des phospholipides et l'exposition subséquente de la phosphatidylsérine 
est le phénomène le mieux décrit (Martin et al., 1995). Les phosphatidylsérines sont 
principalement reconnues par les récepteurs de type « scavengers » présents à la surface des 
macrophages. Ainsi, les neutrophiles apoptotiques présent au niveau du site inflammatoire sont 
éliminés par les macrophages par phagocytose. Cette phagocytose des neutrophiles, ou 
efferocytose, est dite « non phlogistique »  car elle n’induit pas de réponse inflammatoire 




Basée sur la cinétique de recrutement et de disparition des neutrophiles, la résolution de 
l’inflammation peut être quantifiée grâce à des Indices de Résolution (Bannenberg et al., 2005). 
En effet, on définit le Tmax, le temps où on observe le nombre maximal de neutrophiles (Ψmax) 
sur le site inflammatoire, la Ri (intervalle de résolution) qui correspond à la durée entre Tmax et 
T50, temps où la disparition de 50% des neutrophiles (Ψ50) est mesurée. (Figure 18). 
 
Figure 18. Définition des Indices de Résolution 
 
La mesure de ces indices est intéressante, entre autre lorsqu’il s’agit d’évaluer le potentiel anti-
inflammatoire et/ou « pro-résolvant » de molécules d’intérêt thérapeutique ou encore de 
comparer différents types de réponses inflammatoires (Bannenberg et al., 2005).   
 
  Au niveau moléculaires, l’initiation des mécanismes résolutifs est caractérisée par la  
modification structurelle et fonctionnelle des eicosanoïdes et l’apparition de médiateurs pro-
résolvants (SPMs  : Specialized Pro-resolving Mediators) (Levy et al., 2001). Parmi ces SPMs, on 
distingue les familles des lipoxines (LXA4), éicosanoïdes générés par les lipooxygénases à partir 
de l’acide arachidonique (AA), des protectines-neuroprotectines (PD1-NPD1), des marésines 
(MaR1) et les résolvines de type D issues du DHA (acide docosahexaénoïque) et des résolvines 
de type E (RvE1) qui sont produites à partir de l’EPA (Ecosapentaénoïque) (Serhan, 2014). De 
façon générale, ces médiateurs contrôlent l’arrêt du recrutement des neutrophiles, inhibent la 
production de facteurs pro-inflammatoires (TNF, prostaglandines, leucotriènes), favorisent le 
recrutement de monocytes/macrophages et l’élimination non-phlogistique des neutrophiles 
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apoptotiques par les macrophages. Plus précisément, les fonctions connues à ce jour pour 
chaque médiateur sont décrites dans la figure ci-dessous (Figure 19).  
 
 
Figure 19. Rôle des médiateurs pro-résolvants. D’après (Buckley et al., 2014) 
 
 Au cours de l’efferocytose, les macrophages modifient leur programme transcriptionnel 
vers un programme anti-inflammatoire (Bystrom et al., 2008; Voll et al., 1997). Cette transition, 
que nous allons détailler ci-dessous, est essentielle pour assurer la réparation et le retour à 
l’homéostasie tissulaire.  
 
 
B. Retour à l’homéostasie tissulaire : modification du phénotype des macrophages 
 
La phagocytose de corps apoptotiques par les macrophages induit la libération de 
différents médiateurs anti-inflammatoires (IL-10, TGF, VEGF) et, au contraire, l’inhibition de 
l’expression des facteurs pro-inflammatoires (TNF, IL-1, IL-12) (Fadok et al., 1998; Golpon et 
al., 2004; Voll et al., 1997). Ces résultats suggèrent qu’au cours de la résolution de 
l’inflammation, les macrophages pourraient posséder des propriétés anti-inflammatoires. Dans 
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cette idée, une analyse transcriptomique a été réalisée sur des macrophages murins isolés au 
cours de la phase de résolution d’une péritonite induite par le zymosan ; ces macrophages ont 
été nommés « macrophages résolutifs » (Stables et al., 2011). Les résultats ont montré que ces 
macrophages résolutifs présentent un phénotype comparable aux macrophages « immuno-
régulateurs». En effet, ces cellules expriment des facteurs tels que Alox15, Timd4, et TGF-, des 
molécules clés dans l’élimination des cellules apoptotiques et dans le retour à l’homéostasie 
tissulaire. Les macrophages résolutifs sont également riches en molécules impliquées dans 
l’apprêtement et la présentation antigénique et sécrètent des chimioattractants spécifiques des 
cellules B et T (CXCL1, CCL5, CXCL13) (Stables et al., 2011). L’équipe A. Ariel, qui s’est intéressée 
au rôle et au phénotype des macrophages résolutifs, a montré que ces cellules expriment de 
faible taux de CD11b (CD11blow) et présentent une forte capacité à phagocyter les neutrophiles 
apoptotiques et à migrer vers les ganglions lymphatiques (Schif-Zuck et al., 2011). De manière 
intéressante, les auteurs ont montré que la capacité des macrophages à ingérer des corps 
apoptotiques était augmentée par la RvE1 et la dexaméthasone, lesquelles permettent une 
transition plus précoce vers le phénotype CD11blow, suggérant que la fonction et le phénotype 
des macrophages résolutifs sont sous la dépendance de leur environnement (Figure 20). 
L’inflammation du tissus adipeux observé chez les souris obèses, est réduite par l’ajout de DHA, 
précurseur de la RvD1, qui stimule l’expansion d’une population de macrophages résolutifs 
CD11blow associée à une  augmentation de l’expression d’IL-10, de CD206, d’ARG1 et une 





Figure 20. Modification du phénotype des macrophages au cours de la résolution de 
l’inflammation. Adapté de (Ortega-Gomez et al., 2013) 
 
Ainsi, ces résultats montrent qu’au cours de la résolution de l’inflammation, les macrophages 
modifient leur phénotype et acquièrent différentes fonctions immuno-régulatrices et anti-
inflammatoires.  
 
 La modification du phénotype des macrophages est essentielle car elle permet d’assurer 
une autre étape vitale : la réparation et la régénération tissulaire. Par exemple, le TGF- sécrété 
par les macrophages suite à un infarctus du myocarde, stimule (i) l’expression d’inhibiteurs 
tissulaires des métallo-protéases (TIMPs) qui régulent le remodelage de la matrice 
extracellulaire et (ii) la synthèse de collagène fibrillaire par les myofibroblastes (Bujak and 
Frangogiannis, 2007). Les macrophages résolutifs produisent également beaucoup de VEGF, 
assurant l’angiogenèse puis la restauration de la teneur en oxygène dans les tissus abimés 
(Knighton et al., 1983). Par ailleurs, de récentes études proposent l’idée que les macrophages 
exerceraient aussi des effets spécifiques sur les cellules souches et les précurseurs cellulaires 
dans de nombreux tissus (Chazaud, 2014). Ces nouvelles fonctions joueraient un rôle essentiel 
au cours de la résolution et plus précisément lors des mécanismes de réparation et de 
régénération tissulaires. Suite à une blessure, la régénération du muscle squelettique est 
soutenue par les macrophages musculaires. Au début de l’inflammation, les macrophages 
présentent des caractéristiques pro-inflammatoires et stimulent la prolifération de myoblastes. 
Dans les phases plus tardives de l’inflammation, les macrophages modifient leur phénotype vers 
un programme anti-inflammatoire (augmentation de l’expression de TGF-, CD206 et CD163) 
qui va assurer la différenciation terminale des myoblastes et la croissance de nouvelles fibres 
musculaires. La protéine kinase activée par l'AMP (AMPK), exprimée par les macrophages, serait 
cruciale pour assurer ces évènements (Mounier et al., 2013). Dans le système nerveux central, 
une blessure induitun recrutement séquentiel de macrophages M1 puis de macrophages M2. 
L’augmentation du ratio M1 / M2 est associée à (i) une sécrétion de facteurs de croissances sur 
le site lésé, (ii) une phagocytose efficace des débris de myéline, et (iii) une augmentation de la 
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différenciation des OPC (oligodendrocyte progenitor cells) assurant ainsi la régénération dans 
des axones (Kigerl et al., 2009; Miron et al., 2013) (Figure 21). 
 
 
Figure 21. Activation et fonctions des macrophages suite à un dommage. D’après (Miron and 
Franklin, 2014) 
 
 Enfin, la disparition des macrophages du site inflammatoire est l’étape finale du retour à 
l’homéostasie. Cette disparition reposerait sur deux mécanismes indépendants qui 
dépendraient de la nature du stimulus de départ : leur migration via la circulation lymphatique 
vers les ganglions les plus proches du site inflammatoire (Bellingan et al., 1996; Newson et al., 
2014; Schif-Zuck et al., 2011) ou par une mort locale par apoptose (Gautier et al., 2013).  
 
Pour conclure, alors que l’on considérait les mécanismes de résolution comme un 
processus passif (une simple dilution des facteurs pro-inflammatoires), il est largement admis 
aujourd’hui que les processus résolutifs sont finement contrôlés par différents acteurs 
cellulaires et moléculaires spécifiques. Un défaut de cette régulation peut conduire une 
inflammation vers un état chronique. De nombreuses maladies inflammatoires chroniques telles 
que les maladies inflammatoires chronique de l’intestin, la polyarthrite rhumatoïde, 
l’athérosclérose… constituent des enjeux de santé publique.  L’utilisation de molécules capables 
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d’induire et/ou stimuler les mécanismes de résolution représente donc des intérêts 
thérapeutiques importants. (Buckley et al., 2014). En effet, dans différents modèles 
pathologiques murins (colites, neuro-inflammation, asthme, fibrose), l’utilisation de médiateurs 
pro-résolvants diminue la sévérité de la pathologie, améliore le retour à l’homéostasie et dans 
certains cas diminue la sensation de douleur (Serhan and Chiang, 2013). Chez l’Homme, des 
études portant sur l’utilisation de RvE1 dans le « syndrome des yeux secs » sont actuellement 
en essais clinique de phase 3 (Serhan and Chiang, 2013). Un autre essai clinique utilisant un 
analogue de la LXA4 a permis de réduire significativement la sévérité de l’eczéma chez les 
enfants (Wu et al., 2013). Ensemble, ces résultats indiquent que les SPMs représentent des 
cibles thérapeutiques prometteuses contre les maladies inflammatoires chroniques. 
 
Cependant, la compréhension des mécanismes de résolution reste insuffisante aujourd’hui et 
de nombreuses questions subsistent encore. Par exemple, quels sont les mécanismes qui 
attestent que l’agent causant inflammation est bien éliminé/neutralisé ? Est-ce les mécanismes 
de résolution diffèrent en fonction des tissus, ou dans un même tissu, en fonction des signaux 
inflammatoires (p. ex. : PAMPs vs DAMPS) ? Suite aux mécanismes de réparation et au retour à 
l’homéostasie, comment est-ce que les tissus conservent une « mémoire » des dommages subis 
assurant une réaction rapide lors d’une seconde agression ? Certaines de ces questions seront 
plus précisément abordées lors de la seconde partie de ce manuscrit (Travaux de Recherche _ 







Chapitre 3. Ro le des 
monocytes/macrophages au cours d’une 
re ponse infectieuse chronique induite 
par Mycobacterium tuberculosis 
 




a tuberculose est une maladie infectieuse contagieuse à prédominance respiratoire. 
En 2012, 8,6 millions de personnes ont développé la tuberculose et 1,3 million en 
sont mortes, ce qui place la tuberculose comme l’une des maladies parmi les plus 
meurtrières au monde (Rapport de l’Organisation Mondiale de la Santé (OMS) 2013). On estime 
que près d’un tiers de la population mondiale est infecté par Mycobacterium tuberculosis, le 
bacille tuberculeux. Ce nombre important de personnes infectées s’explique par le fait que la 
tuberculose est avant tout une maladie latente dont les symptômes ne se déclarent que chez 5 
à 10% des individus, une fréquence pourtant suffisante pour maintenir une épidémie mondiale 
(Young et al., 2009). Bien que pouvant présenter des formes disséminées, la forme la plus 
fréquente (et transmissible) de la maladie est pulmonaire. 
Les régions de l’Asie du sud-est, de l’Afrique et du pacifique occidental sont les plus touchées, 
dénombrant respectivement 29%, 27% et 19% le nombre de cas de tuberculose déclaré durant 
l’année 2012 (OMS 2013). Plus précisément, la Chine, l’Inde, l’Indonésie, le Pakistan et l’Afrique 
du Sud sont parmi les pays comptant le plus grand nombre de cas de tuberculose,l’Afrique du 




La France, tout comme l’ensemble des pays industrialisés, est considérée comme un pays à 
faible incidence. Depuis 1972, le nombre de cas de tuberculose déclaré est en constante 
diminution (Source : l’InVS (déclaration obligatoire de tuberculose ; Figure 22)  
 
Figure 22. Incidence de la tuberculose en France de 1972 à 2012 
Néanmoins, de fortes disparités persistent avec une incidence élevée en Ile-de-France et en 
Guyane ainsi que dans certains groupes de populations (personnes sans domicile fixe, 
immigrants de pays à forte prévalence de tuberculose). 
 
B. Mycobacterium tuberculosis   
 
L’agent étiologique de la tuberculose, Mycobacterium tuberculosis (M. tuberculosis) 
aussi appelé bacille tuberculeux, a été découvert par Robert Koch en 1881 (Allemagne). Ces 
travaux lui vaudront le prix Nobel de physiologie ou médecine en 1905. Les bacilles tuberculeux 
sont caractérisés par une croissance lente, une enveloppe cellulaire complexe, une 
pathogénicité intracellulaire et une homogénéité génétique. Leur temps de génération est de 24 
heures. Les mycobactéries font partie du genre Mycobacteriaceae dans le sous-ordre 
Corynebacteriaceae, ordre des Actinomycetales. Parmi les mycobactéries, il faut distinguer les 
bacilles causant la tuberculose comme M. tuberculosis et M. leprae, agent de la lèpre, mais 
également de M. avium, M. marinum M. kansasii et M. xenopi responsable de mycobactérioses. 
Les mycobactéries ont une enveloppe cellulaire rugueuse Gram positif avec des peptidoglycanes 
riches en lipide "unusuelle". Ceci représente 20 à 45% de l’ensemble de la bactérie, ce qui rend 
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la bactérie peu perméable aux éléments hydrophiles. Parmi ces lipides, l’acide mycolique joue 
un rôle important dans l’acido-alcoolo-resistance (Cole et al., 1998). 
 
Lorsque M. tuberculosis infecte un nouvel organisme, la réponse immunitaire se met en 
place, permettant dans la majorité des cas le contrôle de l’infection sans toutefois éliminer les 
bactéries ; l’infection devient latente.  
 
II. Physiopathologie de la tuberculose 
 
La transmission de la tuberculose se fait d’homme à homme suite à un contact restreint 
avec un individu présentant une tuberculose active. Elle se fait par voie aérienne suite à 
l’inhalation du bacille contenu dans des microgouttelettes expectorées par un individu malade. 
Dans les poumons, la bactérie est reconnue par les macrophages alvéolaires et les cellules 
dendritiques résidents dans les tissus. Les cellules infectées vont alors sécréter différents 
facteurs pro-inflammatoires qui vont induire le recrutement des cellules de l’’immunité innée, 
les neutrophiles et les monocytes/macrophages, première ligne de défense contre les 
infections. Dans un deuxième temps, la réponse immunitaire adaptative assurée par les 
lymphocytes s’active assurant le contrôle de l’infection. L’ensemble de ces évènements conduit 
à la formation d’un ou plusieurs granulomes pulmonaires, signe clinique caractéristique de la 
tuberculose latente (Silva Miranda et al., 2012). 
 
A. Les macrophages : cellules hôtes de M. tuberculosis 
 
A cours de l’infection, le bacille est majoritairement reconnu et phagocyté par les 
macrophages, les cellules dendritiques et les neutrophiles. Il a également été montré que le 
bacille peut pénétrer à l’intérieur d’autres types cellulaires comme les pneumocytes de type I et 
II, constituant l’épithélium pulmonaire, et également, à distance des poumons, les adipocytes 
constitutifs des tissus adipeux (Barrios-Payan et al., 2012; Neyrolles et al., 2006). Les 
neutrophiles sont des cellules à durée de vie courte ne permettant pas la réplication de la 
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bactérie. Les pneumocytes et cellules dendritiques sont quant à eux des cellules réfractaires à la 
réplication du pathogène (Repasy et al., 2013; Sato et al., 2002; Tailleux et al., 2003). Enfin, dans 
les adipocytes, le pathogène a également été retrouvé à l’état non réplicatif dit de «dormance» 
(Neyrolles et al., 2006). Bien que l’ensemble de ces types cellulaires joue un rôle important dans 
le contrôle de l’infection, les macrophages constituent le site privilégié de M. tuberculosis pour 
se répliquer.  
 
B. Survie de M. tuberculosis dans les macrophages. 
 
Un certain nombre de PRRs exprimés par les macrophages jouent un rôle important dans la 
reconnaissance de M. tuberculosis, parmi lesquels les toll-like récepteurs (p. ex.: TLR2,4 et 9), les 
lectines de type C (p. ex. : DC-SIGN, Dectin-1 et MR), les récepteurs à la partie constante des 
immunoglobulines (FcR), les récepteurs scavenger (SR) et les récepteurs NLRs (p. ex.: NOD2) 
(Azad et al., 2012; Dorhoi et al., 2011; Kleinnijenhuis et al., 2011). Il est important de noter que 
l’entrée de M. tuberculosis dans les macrophages est un processus complexe faisant appel à des 
mécanismes de reconnaissance multiples induisant simultanément l’activation de différentes 
voies de signalisation. Néanmoins, certains récepteurs sont préférentiellement utilisés par le 
bacille lui permettant une entrée plus « silencieuse ». Par exemple, les souches virulentes de M. 
tuberculosis sont phagocytées par l'intermédiaire du MR, tandis que des souches atténuées ne 
le sont pas (Schlesinger, 1993), diminuant ainsi l’activation de la réponse pro-inflammatoire des 
macrophages  (Rajaram et al., 2010). 
 
Lorsque la mycobactérie entre dans le macrophage, elle doit faire face à un certain nombre 
de mécanismes microbicides,  tels que l’environnement acide et les hydrolases du 
phagolysosome, la génération d’espèces réactives de l’oxygène et de l’azote mais aussi l’action 
de peptides antimicrobiens, l’apoptose, ou encore l’autophagie (Dorhoi et al., 2011; Philips and 
Ernst, 2012; Pieters, 2008). Bien que le bacille ait développé de nombreux mécanismes de 




1. Maturation du  phagosome 
 
Classiquement, après la reconnaissance par un macrophage, une bactérie est phagocytée et 
se retrouve piégée dans un phagosome. Le phagosome mature après différentes interactions 
avec les compartiments de la voie endocytaire puis fusionne avec les lysosomes, générant ainsi 
un phagolysosome. Cette fusion entraine une forte diminution du pH intra-vésiculaire qui, 
associée à l’action de nombreuses hydrolases lysosomales, permet la destruction de la bactérie 
phagocytée (Behr et al., 2010). Toutefois, M. tuberculosis est capable de bloquer la maturation 
du phagosome et d’inhiber la fusion des phagosomes avec les lysosomes, lui évitant ainsi de se 
retrouver en contact avec avec l’environnement toxique produit lors cet évènement (Armstrong 
and Hart, 1975; Clemens and Horwitz, 1995; Schlesinger et al., 1996) (Figure 23) 
 
 
Figure 23. Inhibition de la fusion phagolysosome par une mycobactérie virulente. Adapté 
(Warner and Mizrahi, 2007). 
 
Notons que malgré l’existence de ces mécanismes de résistance, la maturation du 
phagosome contenant M. tuberculosis peut être induite en présence de forte quantité d’IFN. Le 
transfert du bacille dans un phagolysosome diminue alors considérablement sa croissance dans 
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les cellules sans toutefois l’éliminer (Gomes et al., 1999; Schaible et al., 1998; Welin et al., 
2011). 
 
De plus, le bacille a aussi la capacité d’échapper au phagosome. En effet, il peut être  
observé à l’état libre dans le cytoplasme (Moreira et al., 1997; Stamm et al., 2003; van der Wel 
et al., 2007). L’échappement de M. tuberculosis du phagosome dépend de son système de 
sécrétion ESX-1 (early secretory antigenic target 6 system 1) (Simeone et al., 2012). Ce système 
permet la sécrétion de la protéine ESAT-6 (6 kDa early secretory antigenic target), laquelle est 
connue pour son activité lytique sur les membranes biologiques et ainsi pourrait promouvoir la 
rupture de la membrane phagosomale (Hsu et al., 2003; Smith et al., 2008). Ce processus est 
hautement profitable au pathogène puisqu’il lui permet d’échapper aux conditions microbicides 
du phagolysome et lui confère un environnement nutritionnel plus favorable. Cependant, ces 
mécanismes sont toxiques pour les macrophages, induisant dans la plupart des cas la mort 
cellulaire.   
 
2. Production d’espèces réactives de l’oxygène et de l’azote 
 
De nombreuses études décrivent la capacité des mycobactéries à déjouer l’environnement 
toxique lié à la génération d’espèces réactives de l’oxygène (ROS) et de l’azote (RNI ; reactive 
nitrogen intermediate), un autre mécanisme microbicide mis en jeu par les macrophages. Les 
ROS sont synthétisées grâce à une enzyme : la NADPH oxydase (Nicotinamide Adenine 
Dinucleotide PHosphate-oxidase). Cette enzyme transforme l’oxygène présent dans la lumière 
du phagosome en anion superoxyde O2
- toxique. De façon spontanée, l’O2
- est transformé en 
peroxyde d’hydrogène H2O2 qui à son tour génère spontanément un autre acide radical toxique, 
le radical hydroxyle OH▪. Non seulement M. tuberculosis est capable de diminuer la production 
des ROS en inhibant l’activité de la NADPH oxydase (Sun et al., 2013) mais le bacille est aussi 
capable de résister à l’action des ROS produits, par l’expression et la sécrétion de la superoxide 
dismutase SodA transformant l’anion superoxyde O2
- en H2O2 et de la catalase peroxidase KatG 
qui convertit l’H2O2 formé en eau (Edwards et al., 2001; Ng et al., 2004; Sun et al., 2013). Les RNI 
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sont produites dans les macrophages via l’iNOS (inductible nitric oxide synthase) qui génère du 
monoxyde d’azote (ou NO), un composé toxique très réactif diffusant à travers les membranes 
lipidiques telles que celles des phagosomes (Flannagan et al., 2009). Cependant, M. tuberculosis 
est capable d’inhiber le recrutement de EBP50 (Ezrin/radixin/moesin (ERM)-binding 
phosphoprotein 50), une protéine nécessaire à la fixation de l’iNOS au phagosome (Davis et al., 
2007; Miller et al., 2004). 
Comme nous venons le voir avec ces deux exemples, M tuberculosis est capable de mettre 
en œuvre différents mécanismes lui permettant de contrer les mécanismes microbicides des 
macrophages et favorisant ainsi sa survie au sein de sa cellule hôte. La réplication intracellulaire 
non contrôlée de M. tuberculosis dans les macrophages induit alors la sécrétion de médiateurs 
pro-inflammatoires et le recrutement de nouvelles cellules de système immunitaire qui, dans le 
but de contrôler l’infection vont participer à la formation d’un granulome, une structure de 
confinement de l’infection (Ehlers and Schaible, 2012). 
 
C. Formation du granulome. 
 
Le granulome est classiquement considéré comme une structure protectrice de l’hôte 
permettant de contenir l’infection et sa dissémination, bien qu’il ne permette pas d’éliminer les 
bactéries. Toutefois, de récents travaux ont permis de revisiter cette définition car ils montrent 
que la mycobactérie est capable d’exploiter les étapes précoces de la formation du granulome à 
son profit, afin d’assurer sa prolifération et sa dissémination au sein des individus (Davis and 
Ramakrishnan, 2009; Volkman et al., 2010).  
 
1. Formation d’un granulome primaire et prolifération bactérienne  
La formation et la structure des granulomes in vivo ont longtemps été étudiées grâce à des 
techniques d’imageries sur tissus fixés. Ces dernières années, de nouvelles techniques 
d’imageries en temps réel ont été développées et permettent d’étudier la dynamique cellulaire 
de ce processus physiopathologique. Plus précisément, l’utilisation de ces techniques sur le 
modèle du poisson zèbre infecté par son pathogène naturel, M. marinum, a permis, grâce à sa 
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transparence, d’étudier en microscopie intravitale les mécanismes cellulaires mis en jeu lors des 
étapes précoce de l’infection (Ramakrishnan, 2013).  
Dans le modèle du poisson zèbre,  l’infection des macrophages induit la sécrétion de 
facteurs inflammatoires et l’apoptose des cellules infectées. Ces facteurs induisent le 
recrutement de nouveaux monocytes/macrophages sur le site infectieux qui phagocytent les 
particules infectieuses, s’infectent à leur tour, perdent leur motilité et participent à la formation 
d’un granulome primaire. Certains macrophages infectés quittent le granulome naissant, et 
participent à la formation d’un granulome secondaire (Davis and Ramakrishnan, 2009). 
L’analyse de ces étapes a mis en évidence, de façon inattendue, l’existence d’une corrélation 
entre le recrutement des macrophages et une forte prolifération et dissémination bactérienne. 
Il est aussi très intéressant de noter que dans ce modèle, la formation du granulome primaire 
est contrôlée par le pathogène lui-même. En effet, l’utilisation d’une souche atténuée (délétion 
du locus RD1, codant pour le système de sécrétion ESX-1) est associée à une diminution i/ du 
recrutement des macrophages  ii/ du nombre de cellules infectées, iii/ du nombre de 
granulomes primaires formés et iv/ de la prolifération bactérienne (Davis and Ramakrishnan, 





Figure 24. Les étapes initiales de la formation du granulome dans le modèle du poisson zèbre 
D’après (Ramakrishnan, 2012) 
 
Plus précisément, le facteur ESAT6, également codé par le locus RD1, et sécrété par les 
macrophages infectés (Volkman et al., 2010) induit la sécrétion de MMP9 par  cellules 
épithéliales bordant le granulome. Ceci participe au recrutement des macrophages sur le site 





Figure 25. Recrutement des macrophages vers le granulome via la sécrétion de MMP9 par les 
cellules épithéliales. D’après (Ramakrishnan, 2012) 
 
Par ailleurs, une étude menée chez des souris préalablement infectées par BCG (bacille 
de Calmette et Guérin) a également permis de suivre la dynamique du recrutement des 
monocytes/macrophages et la formation des granulomes au cours de l’infection (Egen et al., 
2008). Malgré les difficultés techniques rencontrées lors des études de dynamique cellulaire 
dans le modèle murin,  des observations concordantes aux résultats obtenus chez le poisson 
zèbre ont été décrites : les monocytes sont activement recrutés vers le site infectieux alors que 
les macrophages associés aux granulomes restent immobiles. Cette étude n’a malheureusement 
pas évalué les effets d’une mycobactérie virulente et donc le rôle potentiel du recrutement des 
macrophages dans l’expansion et la prolifération bactérienne. Néanmoins, d’autres études 
menées chez les souris MMP9-/- infectées par M. tuberculosis ont associé un défaut du 
recrutement des macrophages vers les poumons à un faible développement du granulome et 
une faible charge bactérienne (Taylor et al., 2006). Chez l’homme, des études cliniques 
indiquent la présence de la MMP9 dans les épanchements pleuraux et son expression dans les 
cellules épithéliales tapissant le granulome de patients tuberculeux (Elkington et al., 2007; Price 




L’ensemble de ces travaux suggèrent que M. tuberculosis exploite le recrutement des 
macrophages et la formation de granulomes primaires, via l’expression de MMP9, pour 
favoriser sa survie et sa prolifération. Des études supplémentaires, en particulier chez l’Homme 
sont aujourd’hui nécessaires pour mieux comprendre comment M. tuberculosis est capable de 
stimuler le recrutement des macrophages.  
 
2. Mise en place de la réponse immunitaire adaptative et contrôle de la prolifération 
 
Une caractéristique de la tuberculose, comparée à d’autres types d’infections 
pulmonaires, est le retard de la mise en place de l’immunité adaptative (Cooper, 2009; Gallegos 
et al., 2008; Wolf et al., 2008), temps au cours duquel la bactérie se multiplie de façon 
exponentielle (Gill et al., 2009). La réponse immunitaire adaptative à M. tuberculosis, comme la 
plupart des infections, est initiée dans les ganglions lymphatiques (Wolf et al., 2008). Ce défaut 
est principalement attribué à un retard du transfert des cellules dendritiques vers les ganglions 
adjacents au site infectieux (Garcia-Romo et al., 2004; Wolf et al., 2007). Bien que les 
macrophages alvéolaires activés par Streptococcus pneumoniae soient capables de migrer des 
poumons vers la circulation lymphatique (Kirby et al., 2009), leur capacité à rejoindre les 
organes lymphoïdes secondaires suite à l’infection par M. tuberculosis n’a jamais été décrite. 
Néanmoins, des résultats ont montré que les macrophages infectés par M. tuberculosis sont 
moins efficaces pour présenter les antigènes et activer les lymphocytes CD4+ dans les poumons 
(Bold et al., 2011; Pancholi et al., 1993). Les mécanismes à l’origine de ce défaut de présentation 
des antigènes par les macrophages restent peu connus.  
Bien que tardive, la mise en place de la réponse immunitaire adaptative est essentielle 
dans la réponse immunitaire antituberculeuse. En effet, des souris déficientes en lymphocytes T 
(LT CD4+ et/ou CD8+) ou rendues déficientes pour la production sont plus sensibles à une 
infection par M. tuberculosis que des souris sauvages (WT) (Caruso et al., 1999; Green et al., 
2013; O'Garra et al., 2013; Woodworth and Behar, 2006). On sait également que la diminution 
du nombre de LT CD4+ observée dans le sang des patients co-infectés par le VIH entraine une 
susceptibilité accrue aux infections dont la tuberculose (Saharia and Koup, 2013). Le rôle 
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protecteur des lymphocytes T CD4+ dépend de leur capacité à sécréter de l’IFNɣ, une cytokine 
majeure, qui agit en synergie avec le TNFα, pour le maintien de l’activation des macrophages. 
Les LT CD8+ contribuent, dans une moindre proportion, à la sécrétion d’IFNɣ, mais ils sécrètent 
aussi des toxines telles que la perforine et la granulysine qui agissent en synergie pour détruire 
M. tuberculosis à l’intérieur des macrophages (Stenger et al., 1998; Woodworth and Behar, 
2006). La réponse humorale médiée par les lymphocytes B est généralement considérée comme 
secondaire dans le cadre d’une infection par des pathogènes intracellulaires qui sont hors de 
portée de l’action des anticorps. Cependant, des études récentes montrent que les lymphocytes 
B jouent un rôle non négligeable dans la régulation de l’activité des lymphocytes T à proximité 
du site infectieux via la sécrétion de cytokines (IFNɣ et IL-10) (Maglione and Chan, 2009). Enfin, 
la cascade inflammatoire engendrée par l’arrivée des cellules T sur le site de l’infection induit le 
recrutement de fibroblastes permettant la formation d’un manteau de fibres de collagène 
autour des granulomes (Russell et al., 2009), conduisant à la mise en place d’un environnement 
hypoxique et pauvre en nutriments.  
 
L’ensemble de ces événements participent à la formation d’un granulome mature au sein 
duquel le bacille est en « dormance ». Ainsi, le contrôle de la prolifération bactérienne aboutit à 
la phase de latence de la tuberculose.  
 
3. Structure du granulome mature et phase de latence 
 
Le granulome mature est une structure compacte, formée par des macrophages activés 
présentant une forme de cellules épithéliales (epithelioid macrophages) entourant un centre 
composés de bactérie et de macrophages infectés généralement en apoptose ou en nécrose. 
Les macrophages présents dans le granulome peuvent fusionner et former des cellules géantes 
multinuclées (giant cells) ou se différencier en macrophages spumeux (foam cells) caractérisés 
par une accumulation de vacuoles lipidiques dans leur cytoplasme. En périphérie, d’autres types 
cellulaires composent également le granulome, tels que : les neutrophiles (neutrophils), les 
cellules dendritiques (dendritic cells), les lymphocytes T et B (T cells, B cells), les cellules NK (NK 
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cells), et les fibroblastes qui sécrètent des composants de la matrice extracellulaire. Finalement, 
des cellules épithéliales entourant le granulome (non montrées ici) ont aussi été décrites pour 
participer à sa formation (Ramakrishnan, 2012) (Figure 26).  
 
 




D. La tuberculose active  
 
Parmi les personnes infectées par M. tuberculosis, seulement 10% vont développer une 
tuberculose active, c’est-à-dire symptomatique et transmissible. Comme nous allons le discuter, 
de nombreux facteurs endogènes ou environnementaux peuvent être à l’origine de l’évolution 






1. Réactivation de M. tuberculosis 
 
La latence n’est pas un état inerte du point de vue de l’hôte comme du point de vue du 
pathogène. Après sa formation, le maintien de l’intégrité du granulome nécessite une immunité 
locale soutenue. En effet, des techniques d’imagerie ont montré que les granulomes sont des 
structures hétérogènes et très dynamiques, nécessitant l’afflux constant de lymphocytes CD4+ 
pour maintenir leur intégrité (Egen et al., 2008). Un défaut ou une perte de ce dynamisme peut 
conduire à la rupture du granulome et la sortie des bacilles vers un environnement riche en 
oxygène et en nutriments et donc, favorable à la croissance du bacille tuberculeux. Aujourd’hui, 
deux causes principales ont été décrites pour expliquer la réactivation de la tuberculose (Ernst, 
2012). La première est l’affaiblissement du système immunitaire dû à une infection par le VIH. 
En effet, le taux de mortalité causé par une tuberculose active avoisine les 50% chez les patients 
co-infectés, comparé à 10% chez les sujets non infectés par le VIH. La réactivation de la 
tuberculose et le risque de mortalité suite à une co-infection par le VIH sont directement 
corrélés au déclin de la population de LT CD4+ qui modifient la dynamique et la structure des 
granulomes (Philips and Ernst, 2012). La deuxième raison conduisant à une réactivation de la 
tuberculose concerne l’utilisation d’un traitement anti-TNF chez les patients atteints de 
polyarthrite rhumatoïde ou de la maladie de Crohn (Keane et al., 2001; Wallis et al., 2004). 
L’affaiblissement de la réponse immunitaire par ce traitement induit des effets directs sur la 
formation et le maintien du granulome, qui ne contrôle alors plus la prolifération bactérienne.  
 
2. Susceptibilité à l’infection par M. tuberculosis 
 
La pauvreté et la surpopulation font partie des principaux facteurs de risque de la 
tuberculose, puisque la malnutrition et des conditions de vie insalubres entrainent une 
diminution des défenses immunitaires (Cegielski and McMurray, 2004). D’autres facteurs 
émergents, comme le tabac, l’alcool et la consommation de drogues, sont également liés à une 
susceptibilité accrue à la tuberculose (Gajalakshmi et al., 2003; Pai et al., 2007; Zaridze et al., 
2009). En effet, fumer, être fumeur passif ou être exposé à la pollution de l’air, altère les 
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fonctions immunitaires des macrophages et des lymphocytes au niveau des poumons 
(Gajalakshmi et al., 2003). De plus en plus d’études montrent que le diabète est aussi un facteur 
de risque majeur pour la susceptibilité à l’infection par M. tuberculosis (Dooley and Chaisson, 
2009). En effet, l’incidence de la tuberculose chez les personnes diabétiques est très 
importante, et le taux d’échec du traitement anti-tuberculeux chez ces patients est 
particulièrement élevé. Les effets du diabète sur la susceptibilité à l’infection sont directement 
liés à l’hyperglycémie et à l’insulinopénie. Ces deux facteurs  altèrent les fonctions des 
macrophages, comme le chimiotactisme, la phagocytose ou la présentation des antigènes, et les 
fonctions des lymphocytes, comme la production de cytokines ou la prolifération (Dooley and 
Chaisson, 2009). Par ailleurs, d’autres études montrent que des facteurs génétiques jouent un 
rôle important dans la réactivation et/ou le risque de développer la tuberculose (Fernando and 
Britton, 2006). Par exemple, les polymorphismes du gène codant pour le récepteur à la vitamine 
D sont associés à une susceptibilité accrue à la tuberculose (Martineau et al., 2007; Wilkinson et 
al., 2000). Les variations géniques au niveau du locus codant pour la leucotriène A(4) hydrolase 
(LTA4H) influence aussi fortement la susceptibilité des patients à la tuberculose (Tobin et al., 
2012). En effet, Tobin et collègues ont montré que deux mécanismes inflammatoires opposés 
pouvaient causer des méningites tuberculeuses graves: la première consiste en une 
inflammation exagérée due à un excès de TNF via l’activité du leucotriène B4 (LTB4), la 
deuxième implique au contraire un environnement anti-inflammatoire trop important, 
caractérisé par une faible concentration en TNF via l’action des lipoxines. Ces deux contextes 
inflammatoires, contrôlés génétiquement par la capacité de l’individu à exprimer la LTHA4, sont 
corrélées à une prédisposition différente des patients à répondre à un traitement à la 




Figure 27. Rôle de la balance des éicosanoïdes sur le niveau de TNFet l’issue de la 
pathologie. D’après (Lalvani et al., 2012) 
 
Pour conclure, des changements, même modestes, dans la dynamique du système 
immunitaire contre M. tuberculosis peuvent avoir des conséquences graves sur la survie des 
patients. L’environnement pro- et anti-inflammatoire pouvant être modifié et/ou contrôlé par 
l’état d’activation des macrophages, nous allons donc maintenant nous intéresser aux 






III. Phénotype des monocytes et des macrophages au cours de la 
tuberculose 
 
A. Les monocytes 
 
Comme décrit dans la partie I de l’introduction, différentes populations de monocytes sont 
présentes chez les mammifères. Chez l’homme, on distingue les sous-types de monocytes sur la 
base de l’expression du CD16, le récepteur Fc-RIII. Les populations de monocytes CD14+CD16+ 
minoritaires chez les individus sains (5-10% des monocytes totaux), sont fortement augmentées 
chez les patients tuberculeux ainsi que dans de nombreuses conditions inflammatoires telles 
que le lupus, l’arthrite rhumatoïde, le cancer, ou l’infection par le VIH (Ziegler-Heitbrock, 2007). 
Dans le cas de la tuberculose, les monocytes CD14+CD16+ peuvent représenter jusqu’à 50% 
des monocytes totaux (Balboa et al., 2011) et pourtant leur rôle dans cette pathologie n’a 
jamais été clairement mis en évidence. Néanmoins, quelques études chez des patients 
tuberculeux ont récemment été publiées. 
En premier lieu, il est important de souligner que l’augmentation de la population de 
monocytes CD16+ corrèle avec la sévérité de la pathologie (Balboa et al., 2011). Cependant, 
nous ne savons pas aujourd’hui si cette augmentation est une cause ou une conséquence de la 
sévérité de la maladie. Deuxièmement, des observations indiquent que les monocytes CD16+ 
provenant de patients tuberculeux présentent un phénotype différent de ceux issus de 
donneurs sains, suggérant que l’environnement inflammatoire induit par M. tuberculosis est 
associé à la présence de facteurs systémiques capables non seulement de modifier le nombre 
mais aussi le phénotype des monocytes CD14+CD16+ circulants (Balboa et al., 2011). En effet, 
comparés aux monocytes de donneurs sains, les monocytes CD14+CD16+ de patients atteints de 
tuberculose expriment un niveau plus important des marqueurs CD14, CD11b, TLR2 et TLR4, 
récepteurs impliqués dans la reconnaissance et la phagocytose de M. tuberculosis. De plus, ces 
monocytes expriment aussi plus fortement des récepteurs aux chimiokines tels que CCR1, CCR2 
84 
 
et CCR5, indiquant  que ces cellules pourraient être efficacement recrutées sur le site infectieux. 
Bien que les CD14+CD16+ issus de patients tuberculeux présentent un phénotype différent de 
ceux issus de donneurs sains, aucune étude fonctionnelle comparative n’est disponible à ce 
jour.   
Toutefois, chez les patients tuberculeux, la fonction des monocytes CD14+CD16+ a été 
comparée à celle des CD14+CD16- (Balboa et al., 2013). Les monocytes classiques (CD14+CD16-) 
différenciés in vitro en cellules dendritiques sont caractérisés par une forte expression en CD1a 
et DC-SIGN (marqueurs type des cellules dendritiques) et une forte capacité à présenter les 
antigènes mycobactériens. En revanche, les cellules dendritiques issues des monocytes CD16+ 
provenant de ces mêmes patients, présentent une très faible expression des marqueurs CD1a et 
de DC-SIGN, sont incapables d’activer les lymphocytes T et sécrètent moins de facteurs pro-
inflammatoires tels que l’IL12 et l’IL-1. De plus, les monocytes CD14+CD16+ de patients 
tuberculeux expriment fortement la forme phosphorylée de p38 MAP kinase (P-p38), qui est 
connue pour altérer la différenciation des monocytes en cellules dendritiques (Xie et al., 2005). 
En conclusion, ces résultats montrent que la population de monocytes CD14+CD16+ de patient 
tuberculeux présente un défaut de différenciation en cellules dendritiques. L’augmentation de 
cette population au cours de la tuberculose pourrait donc participer activement à la persistance 





Figure 28. Défaut de différenciation de la population de monocytes CD16+ en cellules 
dendritiques. D’après (Lugo-Villarino and Neyrolles, 2013) 
 
Ces résultats amènent de nouvelles questions. Par exemple, comment l’infection par M. 
tuberculosis module à distance le phénotype des monocytes dans le sang? De plus, tout comme 
le défaut de ces monocytes CD16+ à se différencier en cellules dendritiques, leur  différenciation 
en macrophages et les fonctions associées sont-elles altérées ?  
 
B. Les macrophages  
 
Alors que l’implication des différents types de monocytes est peu étudiée dans le cas de 
la tuberculose, le rôle de la polarisation des macrophages au cours de la tuberculose est quant à 
lui mieux décrit et dépendrait du stade de la pathologie. En effet, alors que les étapes précoces 
de l’infection sont associées à une polarisation de type M1, les étapes tardives d’une infection 
causée par M. tuberculosis sont associées à la présence de macrophages M2. Depuis peu, un 
nouveau concept propose que les mécanismes de polarisation des macrophages joueraient un 
rôle clé dans la formation du granulome et l’évolution de la tuberculose (Flynn et al., 2011; 
Lugo-Villarino et al., 2012; Lugo-Villarino et al., 2011). 
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Comme mentionné plus haut, les cytokines inflammatoires Th1 (IFN, TNF) sont essentielles 
pour assurer la défense de l’hôte contre M. tuberculosis. L’IFN oriente les macrophages vers 
une polarisation M1, caractérisée par une forte capacité des cellules à éliminer les 
mycobactéries (Ehrt et al., 2001). Au niveau transcriptomique, la modulation génique induite 
dans les macrophages quelques heures après l’infection par M. tuberculosis est très proche de 
celle observée dans les macrophages activés par l’IFN  (Ehrt et al., 2001). Chez la souris, entre 7 
et 30 jours après infection par M. tuberculosis, une forte quantité d’IFN, d’iNOS ainsi que la 
présence de macrophages M1 sont clairement observées dans les lavages broncho-alvéolaires 
et les granulomes (Redente et al., 2010). D’autres études rapportent également que rapidement 
après l’infection, un programme d’activation M1 dans les macrophages est déclenché. Ce 
programme se caractérise par une augmentation de l’expression d’iNOS et en conséquence une 
forte production de NO, mais aussi de facteurs pro-inflammatoires (cytokines, chimiokines), 
d’enzymes protéolytiques et de peptides antimicrobiens. Ceci conduit au développement d’un 
environnement intracellulaire toxique reflété par la fusion des phagosomes avec les lysosomes 
(Cairo et al., 2011; Deretic et al., 2004; Ehrt et al., 2001; Martinez et al., 2009; Murray and 
Wynn, 2011a). Chez l’homme, bien que la production de NO par les macrophages dérivés de 
monocytes soit controversée, l’expression d’iNOS et de NO ont été détectés dans les 
granulomes, et les polymorphismes de  NOS2 ont été associés à différentes susceptibilités à 
l’infection (Choi et al., 2002; Facchetti et al., 1999; Moller et al., 2009; Nicholson et al., 1996; 
Schon et al., 2004). Ces résultats montrent qu’en réponse à l’infection par M. tuberculosis, un 
programme d’activation M1 est mis en place. Ce programme est associé à une réponse pro-
inflammatoire dirigée contre le pathogène. 
De façon intéressante, chez la souris, une transition progressive des macrophages M1 (iNOSpos) 
vers un profil M2 (iNOSneg, Arghi) est observée entre 30 et 60 jours post infection. Cette 
transition est associée à des niveaux croissants de cytokines Th2 tels que le IL-4, l’IL-10 et le 
TGF qui corrèlent avec la sévérité de la pathologie (Ly et al., 2007; Redente et al., 2010). Ces 
données sont en lien avec des résultats obtenus chez l’homme et le macaque décrivant la 
présence de macrophages M2 (CD163+ et Arg1+) à la périphérie des granulomes (Mattila et al., 





Figure 29. Evolution de la polarisation des macrophages au cours d’une infection induite par 
M. tuberculosis. D’après (Lugo-Villarino et al., 2011) 
 
De façon intéressante, la sévérité de la tuberculose a également été corrélée chez 
l’homme à des taux élevés de cytokines inflammatoires Th2 (p. ex. : IL-4, IL-13) (Almeida et al., 
2009; Raju et al., 2008). La présence d’IL-10 (principalement dérivés des macrophages) corrèle 
aussi avec une tuberculose active (Barnes et al., 1993; Verbon et al., 1999). Chez la souris, le 
traitement des macrophages par l’IL-4 et l’IL-13 les oriente vers un profil M2, plus 
immunomodulateurs et moins microbicides conduisant à une augmentation de la survie de M. 
tuberculosis (Harris et al., 2007; Kahnert et al., 2006; Schreiber et al., 2009). Les souris 
transgéniques sur-exprimant l’IL-10 dans les macrophages sont plus susceptibles à l’infection et 
sont caractérisées par une diminution de l’expression de l’IL-12 dans les tissus et par la présence 
de macrophages M2 plus permissifs à la prolifération bactérienne (Beamer et al., 2008). Par 
ailleurs, il est intéressant de noter que la présence de lymphocytes T régulateurs augmentent 
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avec la sévérité de la pathologie (Guyot-Revol et al., 2006; Majlessi et al., 2008). L’inhibition de 
l’expansion des lymphocytes T régulateurs chez des souris vaccinées par BCG restaure en effet 
la réponse protectrice Th1 lors d’une infection par M. tuberculosis (Jaron et al., 2008). Les 
lymphocytes T régulateurs sont des cellules capables d’induire efficacement une polarisation de 
type M2 dans les macrophages (Liu et al., 2011), cependant, cette capacité n’a jamais été 
clairement étudiée dans le cas d’une infection par M. tuberculosis.  
Afin de limiter l’environnement microbicide généré par des macrophages M1 et assurer sa 
survie, de nombreuses études suggèrent que M. tuberculosis contrôle la transition des 
macrophages vers un profil M2. Par exemple, il est décrit que la sécrétion de facteurs bactériens 
tels que les lipoarabinomannanes inhibent les voies de signalisation induites par l’IFN ou le 
facteur ESAT6, qui diminue l’activation de NF-B (Benoit et al., 2008; Deretic et al., 2004). Une 
autre étude chez la souris montre que M. tuberculosis favorise sa survie et sa réplication via 
l’expression, dépendante de MyD88, d’ARG1 dans les macrophages (El Kasmi et al., 2008). Enfin, 
chez le poisson zèbre, les lipides de l’enveloppe mycobactérienne masquent l’interaction des 
PAMPs avec les TLRs, conduisant au recrutement de macrophages avec une activité pro-
inflammatoire altérée et plus permissifs à la prolifération bactérienne (Cambier et al., 2014).  
 
Pour conclure, l’ensemble de ces résultats suggère que la reprogrammation des 
macrophages par un environnement Th2 pourrait être une autre stratégie développée par M. 
tuberculosis pour favoriser sa survie. Cette transition participerait alors à la pathogénèse et à 
l’évolution de la tuberculose. Toutefois, il est aussi possible que ce phénomène soit le résultat 
d’un mécanisme de protection mis en place par l’hôte afin de limiter la réponse pro-
inflammatoire contre M. tuberculosis et ainsi préserver l’intégrité du tissu pulmonaire (Dorhoi et 
al., 2011; Mattila et al., 2013). Pour déterminer si la transition des macrophages vers un profil 
M2 est profitable au pathogène ou à l’hôte, une meilleure compréhension des mécanismes 
moléculaires impliqués est nécessaire. La découverte de facteurs contrôlant ces processus et 
leurs rôles dans la pathologie pourrait représenter des outils prometteurs et complémentaires 
aux stratégies actuelles pour lutter contre la prolifération bactérienne ou protéger l’organisme 
des dommages tissulaires induits par l’inflammation. L’étude cellulaire et moléculaire de ces 
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A. Article 1 : Nouveau protocole d’extinction des gènes dans les 
monocytes, macrophages et les cellules dendritiques 
 
Les monocytes, macrophages et les cellules dendritiques appartiennent au système des 
phagocytes mononucléés. Ces cellules sont impliquées dans de nombreux processus 
physiologiques et inflammatoires tels que l’homéostasie, le remodelage et la réparation 
tissulaire, les mécanismes de défense de l’hôte, les processus tumoraux, les maladies auto-
immunes, etc. Bien que de nombreux progrès sur la compréhension du rôle de ces cellules aient 
été réalisés, l’identification de nouveaux facteurs capables de réguler la différenciation, 
l'homéostasie et la fonction des phagocytes mononucléés représente aujourd’hui un challenge 
pour le développement de nouvelles thérapies contre les maladies caractérisées par un défaut 
de ces cellules (Chow et al., 2011)  
Ces dernières années, un certain nombre d'outils et de méthodes ont été développés afin de 
répondre à ces attentes. Parmi ces outils, l’utilisation de siRNA (pour small interfering RNA) pour 
inhiber de façon spécifique l’expression de gènes, représente une stratégie couramment 
utilisée. Néanmoins, les principales techniques décrites permettant la transfection de siRNA 
dans les phagocytes mononucléés humains primaires causent un fort taux de mortalité cellulaire 
et des effets secondaires inflammatoires importants limitant ainsi leur utilisation. Dans cette 
étude, nous avons optimisé différents protocoles de transfection par liposomes permettant 
d’éteindre efficacement l’expression de protéines dans les macrophages (cellules adhérentes) et 
les monocytes/cellules dendritiques (cellules en suspension), sans affecter la viabilité cellulaire 
et les fonctions essentielles de ces cellules (différenciation, migration et phagocytose). 
   
Comme preuve du principe, nous avons réalisé une analyse fonctionnelle de Hck (Hematopoietic 
cell kinase) et montré pour la première fois que cette protéine est impliquée dans la migration 
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An efficient siRNA-mediated gene silencing in primary
human monocytes, dendritic cells and macrophages
Anthony Troegeler1,2,4, Claire Lastrucci1,2,4, Carine Duval1,2, Antoine Tanne3, Ce´line Cougoule1,2,
Isabelle Maridonneau-Parini1,2,5, Olivier Neyrolles1,2,5 and Geanncarlo Lugo-Villarino1,2,5
Mononuclear phagocytes (MP) comprise monocytes, macrophages (MU) and dendritic cells (DC), including their lineage-
committed progenitors, which together have an eminent role in health and disease. Lipid-based siRNA-mediated gene
inactivation is an established approach to investigate gene function in MP cells. However, although there are few protocols
dedicated for siRNA-mediated gene inactivation in primary human DC and MU, there are none available for primary human
monocytes. Moreover, there is no available method to perform comparative studies of a siRNA-mediated gene silencing in
primary monocytes and other MP cells. Here, we describe a protocol optimized for the lipid-based delivery of siRNA to perform
gene silencing in primary human blood monocytes, which is applicable to DCs, and differs from the classical route of siRNA
delivery into MUs. Along with this protocol, we provide a comparative analysis of how monocytes, DC and MU are efficiently
transfected with the target siRNA without affecting cell viability, resulting in strong gene knockdown efficiency, including the
simultaneous inactivation of two genes. Moreover, siRNA delivery does not affect classical functions in MP such as
differentiation, phagocytosis and migration, demonstrating that this protocol does not induce non-specific major alterations in
these cells. As a proof-of-principle, a functional analysis of hematopoietic cell kinase (Hck) shows for the first time that this
kinase regulates the protease-dependent migration mode in human monocytes. Collectively, this protocol enables efficient gene
inactivation in primary MP, suggesting a wide spectrum of applications such as siRNA-based high-throughput screening, which
could ultimately improve our knowledge about MP biology.
Immunology and Cell Biology advance online publication, 3 June 2014; doi:10.1038/icb.2014.39
INTRODUCTION
Mononuclear phagocytes (MPs) are mainly composed of monocytes,
macrophages (MF) and dendritic cells (DCs), including their lineage-
committed progenitors.1–3 Although they have a prominent role in
maintaining body homeostasis, the MP cells are also important for
the constant monitoring and interaction with the different local
microenvironments, establishing trophic and remodeling functions on
tissues, symbiotic liaisons with microbiota, recognition and capture
of pathogens, proper activation of early defensive mechanisms of
inflammation and innate effector cells, rapid relay of innate
information signals to the adaptive immune system resulting in
immunological memory and the establishment of peripheral
immunological tolerance. Moreover, the MP cells are implicated in
pathological processes such as chronic inflammation, autoimmunity,
infection and cancer, among others.3–5 For these reasons, these cells are
a subject of intense investigation as they hold a tremendous potential
for immunoregulation and exploitation for biomedical purposes.
Although much progress has been made over the last two decades
in the characterization of the human MP cells, there are still many
important issues left to be understood concerning the development,
homeostasis and function during health and disease, including the
gene networks operating in these cells. In an attempt to break through
these research areas, one current challenge in the field is to adapt
emerging molecular tools in primary human MP cells.3 Among the
available molecular tools, RNA interference (RNAi) is the fastest
approach to identify gene function. Since its discovery about 15 years
ago,6 RNAi has become one of the most common methods for gene
inactivation based on the targeting mediated by small interfering
RNAs (siRNAs), which are double-stranded RNA molecules (19–25
nucleotide length) that trigger sequence-specific mRNA degradation
via a catalytic mechanism. Moreover, the high demand and
commercialization of the RNAi method have resulted in major
advances in siRNA modifications and delivery reagents, overcoming
intrinsic problems with their stability and cellular uptake, making
it easier to adapt this method in primary human cells,
including amniotic fluid stem cells, neurons, hepatocytes and
T lymphocytes.7–10 This is especially true for primary human MP
cells, as their active nuclease machinery and hard-to-transfect nature
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made traditional siRNA-mediated gene inactivation very difficult in
the past.11
Among the different methods to deliver siRNA into these cells,
liposomal-based systems are a prevalent approach due to their
practical mode of use in most cell types combined with the wide
range of commercially available products. This lipid-based approach
relies on packaging particles called ‘liposomes’ that not only facilitate
the cellular uptake of siRNA but also protect it from enzymatic
degradation during cellular endocytosis.12 Strikingly, however,
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Figure 1 Comparative analysis of transfection efficiency between primary human monocytes, MFs and DCs. (a) Semi-quantitative analysis of transfection
efficiency in primary human monocytes (left), MFs (center) and DCs (right). Cells were transfected with siGLO red transfection indicator (siGLORed), the non-
fluorescent siControl or just treated with the transfection reagent (Untransfected). After 24h, cells were analyzed by flow cytometry to measure the median
fluorescent intensity (MFI). Results are listed by their MFI values and as mean of at least five independent experiments performed with different donors.
Student’s t-test values (**Po0.01; ***Po0.001) are listed for siGLORed compared with siControl. Insets within each bar graph illustrate a representative
histogram expressing the MFI for the siGLO red transfection indicator obtained from a single independent experiment; untransfected (grey), siControl (dashed
line) and siGLORed (solid line). (b) Assessment of cell death in primary human phagocyte lineages transfected with control siRNA pool. Primary human
monocytes (left), MFs (center) and DCs (right) were transfected (bottom row) or not (top row) with the siControl. After 24h, the incident of cell death is assessed
with the use of the Annexin-V-FITC kit designed for flow cytometry analysis. The percentage of apoptosis was defined as the number of cells positive for Annexin–
V-FITC but negative for propidium iodide; the percentage of necrosis as the number of cells positive for both Annexin-V-FITC and propidium iodide. Data are
presented as mean of five independent experiments performed with different donors±s.e.m. No statistical significance was found using the Student’s t-test.
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inactivation in primary human DCs or MFs. Even then, most
published work in the literature based on these protocols hardly
describes or takes into account factors that influence siRNA-mediate
gene silencing such as: (1) isolation, differentiation, preparation and
cell density before transfection; (2) siRNA transfection efficiency;
(3) impact on cell viability; (4) extend of gene silencing in terms of
protein stability/turnover; and (5) assessment of non-specific major
functional alterations that might occur in these cells. To our
knowledge, there are no protocols available in the literature
dedicated for the siRNA-mediated gene inactivation in primary
human blood monocytes. Moreover, there are no comparative
studies of a given siRNA-mediated gene silencing method among
MP cells, which would be both useful and practical for investigators in
the MP field.
In this report, we optimized the lipid-based delivery of siRNA into
primary human MP cells that ensures gene knockdown efficiency,
including the simultaneous inactivation of two genes, without
affecting cell viability or introducing non-specific major alterations
in cell function. Not only this reverse transfection protocol is
applicable to primary human blood monocytes and DCs, but also
yields comparable results to those obtained in primary human MF
using the classical transfection approach, suggesting a wide spectrum
of applications such as siRNA-base high-throughput screening to
further extend research progress in the human MP cells.
RESULTS
Comparative analysis of transfection efficiency between primary
human monocytes, MUs and DCs
Recently, we adapted a lipid-based protocol for the efficient delivery
of siRNA into primary human MFs13 that we termed in this report as
the ‘forward transfection’ protocol. It consists of the drop-wise
addition of the lipid-siRNA complexes into medium containing a
layer of adherent MFs (see Methods). However, this protocol was
highly toxic in primary human monocytes and DCs, which are
usually in suspension and may be directly exposed to high doses of
the transfection reagent (data not shown). Therefore, we further
optimized this protocol in terms of the route of siRNA delivery
(reverse transfection: cell suspension added at once onto the
siRNA-lipid complexes), final volume of the lipid-based transfectant
(1 instead of 3% (vol/vol)) and total transfection time (4 instead of
6 h), resulting in a high transfection efficiency of both primary human
monocytes and DCs. On the basis of the use of the siGLO red
transfection indicator, this protocol yielded a strong delivery of siRNA
as analyzed by a flow cytometry approach. Indeed, the percentage of
siGLO red-positive cells obtained from the reverse transfection of
monocytes (94.18% ±3.4) is comparable to that obtained in DCs
(96.6%±6.9) and to that in MFs (95.34%±3.16) using the classical
forward transfection approach. In terms of delivery of siRNA per cell,
as measured by the high median fluorescence intensity (MFI), we
noticed that monocytes had a slightly lower content of siRNA (E627
±122) compared with that of DCs (MFI E957 ±137) and MFs
(MFI E1455 ±104), probably reflecting differences in the physical
capacity (for example, cell size, cytoplasm to nucleus ratio) to accept a
high content of siRNA between these cells (Figure 1a). From a
qualitative point of view, the siGLO red indicator is readily detected
in the majority of transfected monocytes without causing major
alteration of the cell shape, as visualized by fluorescent imaging
(Supplementary Figure 1a). Although this alternate detection
approach confirms the high transfection efficiency of monocytes
using our protocol, it also reveals that the intensity of the indicator
per monocyte is not as abundant or uniform as that obtained per
MF, further arguing that physical limitations according to cell
type may determine the final siRNA load per cell (Supplementary
Figure 1b). Equally important, similar to DCs and MFs, the high
transfection efficiency in monocytes is accompanied by a low
incidence of cell death, as assessed by the use of a Propidium
iodide/Annexin V-FITC Kit, which simultaneously detects apoptotic
and necrotic cells by flow cytometry (Figure 1b). Altogether, the
optimized parameters ensure a strong and safe delivery of siRNA into
primary human blood monocytes and DCs to a level that is
comparable to that obtained in MFs with an established protocol.13
Comparative analysis of gene knockdown efficiency between
primary human monocytes, MFs and DCs
Having once optimized an efficient siRNA delivery into human MP,
we next determined the gene knockdown efficiency in these cells. In
order to provide a comparative analysis between primary human
monocytes, MFs and DCs, we chose to inactivate the hematopoietic
cell kinase (Hck) gene that is primarily expressed in hematopoietic
cells, particularly in cells of the myeloid lineage. Hck is a member of
the Src family tyrosine kinase, expressed as two isoforms p59Hck and
p61Hck mostly localized in the cell plasma membrane and lysosomes,
respectively.14,15 It is implicated in phagocytosis,16 receptor-mediated
signaling17 and protease-dependent migration,18 among other roles.19
Transfection with the siRNA targeting human Hck resulted in a
statistically significant and reproducible protein knockdown of 71%
±6 in monocytes, 78% ±13 in MFs and 93% ±2 in DCs, as
measured by SDS-PAGE and western blotting analysis (Figures 2a and
b). Inactivation of Hck protein was specific, as the expression of other
Src family tyrosine kinases (for example, Feline Gardner-Rasheed
sarcoma viral oncogene homolog, Fgr) remained intact in MP cells
(Supplementary Figures 2a,b). While the siRNA-mediated gene
knockdown of human Hck was previously shown in primary
MFs,20 to our knowledge, this is the first time that it has been
shown in either primary human blood monocytes or DCs.
Simultaneous inactivation of two genes (double knockdown) in
primary human monocytes and MFs
One of the most difficult challenges in the MP field is to characterize
the role of redundancy and compensation among the gene networks
at play in these cells, in particular within the host defense signaling
pathways.21 The C-type lectin receptors (CLRs), for instance, is one of
the best-known families of microbial sensors that are expressed
abundantly in MP cells, and, yet, the redundancy among its
members makes it difficult to define the contribution of individual
receptors during host–pathogen interactions.22 As siRNA-mediated
gene silencing holds great potential in this area, we further optimized
our protocol to carry out the simultaneous inactivation of two CLR
genes in primary human monocytes and MFs. We chose human
mannose receptor (MR/CD206) and DC-SIGN (CD209) as ideal
candidates based on their shared interleukine-4 (IL-4)-dependent
expression (Supplementary Figure 3) and the perceived redundant
role that they play to antagonize the pro-inflammatory response
against M. tuberculosis.23 Flow cytometry analysis indicated that the
simultaneous inactivation of these CLRs was achieved similarly in
primary human monocytes and MFs in a statistical significant
manner (Figures 2c and d) without affecting cell viability
(Supplementary Tables 1 and 2), highlighting how this protocol
may further advance the analysis of gene functional redundancy in
MP cells.
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Functional assessment of transfected primary human mononuclear
phagocytes: differentiation, phagocytosis and 3D migration
Lipid-based transfection systems and siRNAs have been shown to
interfere with the biology of MFs.24–26 Even though our optimized
protocol does not affect cell viability, we decided to perform a
functional analysis of the transfected monocytes to assess for
non-specific major alterations. Differentiation, phagocytosis and cell
migration are basic biological functions of MP cells, as they have a
crucial role in the control of the immune response. The former is one
of the most crucial functions of monocytes, as they are well known
to replenish the MF and DC populations under steady state or























































































































102 103 104 105
Macrophages







































































MFI (DC-SIGN - APC)
MFI (MR - APC) MFI (MR - APC)

























Figure 2 Comparative analysis of siRNA-mediated gene knockdown efficiency in primary human monocytes, macrophages and dendritic cells. (a, b) Analysis
of the inactivation of Hck in human monocytes, MFs and DCs. Cells were either transfected with the siRNA targeting Hck (white) or non-targeting control
(black). After 72 h, Hck protein levels were measured by western blot analysis. (a) Immunoblot images are representative of the least three independent
experiments performed with different donors. (b) Hck immunoblots were densitometrically scanned, and protein abundance is listed as a percentage relative
to that of siRNA Control-treated cells (set arbitrarily at 100%). At least three independent experiments were performed with different donors for all cell
types. Results are expressed as mean±s.e.m. (c, d) Simultaneous inactivation of DC-SIGN (top row) and MR (lower row). (c) Primary human monocytes or
(d) MFs were transfected with the siRNA pools targeting the indicated CLRs or non-targeting control and treated with IL-4 for 72 h to induce CLR
expression. All cells were collected and stained with the indicated antibodies (black bars) or the corresponding isotype antibody controls (white bars) for
flow cytometry analysis, as described in Methods. For each cell type, the left column illustrates the analysis performed from three independent experiments
performed with different donors. Results are expressed as mean±s.e.m. P-values obtained using the Student’s t-test (*Po0.05; **Po0.01; ***Po0.001)
are listed for targeting siRNAs compared with non-targeting siRNA control. Right column shows a representative histogram plot measuring the expression for
each CLR based on the double knockdown condition (siDC-SIGN/siMR) in comparison with the siRNA control (siControl) over the background staining
(isotype control).
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the capacity of human monocytes to differentiate into either program
soon after undergoing the transfection process with our method.
Figure 3a clearly illustrates that there was no apparent effect in the
differentiation of transfected monocytes with the non-targeting
siRNA into either MFs or DCs, as compared with untransfected
cells. On the one hand, as monocytes differentiated into the MF
program, we observed the classic loss of CD14 expression accom-
panied by the upregulation of CD11b, CD11c and mannose receptor,
and the acquisition of a morphology characterized by high cytoplas-
mic-to-nuclear ratio and vacuolated cytoplasm devoid of granules.
On the other hand, as monocytes differentiated into the DC program,
the loss of CD14 expression is associated with the gaining of classic
markers such as CD1a and DC-SIGN, along with cell morphology
characterized by veil-, star-like-, sheet-like processes (Figure 3a).
Another important basic function of MP cells is phagocytosis, a
mechanism by which cells take up large particles (40.5mm) into the
phagosome. To determine whether our lipid-based siRNA-mediated
transfection protocols affected this biological function, we tested the
ability of primary human monocytes and MFs transfected with the
control siRNA (siControlþHiPerFect), or not (Untransfected), to
bind and internalize FITC-labeled opsonized zymosan particles.
Results clearly demonstrate that our transfection protocol did not
affect phagocytosis in neither cell type (Supplementary Figure 4).
Concerning cell migration in 3D environments, human MP cells use
different types of migration modes depending on the nature of the
experimental matrix. For instance, in porous matrices such as those
based on fibrillar collagen I, human monocytes and MFs display a
similar capacity to engage the amoeboid migration mode for which
they both acquire a rounded cell shape.27 To assess whether this
migration mode is altered by our protocol, human monocytes and
MFs were transfected (siControlþHiPerFect) or not (untransfected),
and their capacity to migrate in a fibrillar collagen I matrix was
compared with that obtained from cells treated either with the
transfection reagent (HiPerFect) or the siRNA (siControl) alone. We
observed that the amoeboid migration mode was not perturbed
regardless of treatment or transfection status, as reflected by the
migration index and the acquired rounded cell morphology
(Figure 3b). In dense matrices, such as Matrigels,27 resembling the
complex extracellular environment found in many tissues, cells switch
towards the mesenchymal mode of migration that is protease-
dependent and for which they display a star-like, elongated cell
morphology. In particular, human MFs migrate more efficiently
using this mode compared with freshly isolated monocytes and other
leukocytes.27,28 Nevertheless, we noticed that mesenchymal migration
is improved in both cell types in the presence of a culture supernatant
obtained from the HT1080 human fibrosarcoma cell line
(CoHT1080), which contains various tumor-derived factors with
chemotactic activity29 (Figure 3c, white bars). In this context, we
show that the transfection with the siControl did not affect the
migration capacity of both human monocytes and MFs (Figure 3c,
black bars), which exhibited, when infiltrating the matrix, the typical
elongated cell shape (Figure 3c). Taken together, these results
demonstrate that basic biological functions of MP cells are main-
tained upon siRNA transfection with our lipid-based protocol.
Hck regulates the mesenchymal migration of human monocytes
and MFs
Using MFs from hck-deficient mice, we have previously shown that,
although this kinase does not regulate the amoeboid migration,30 it is
still a key factor for the mesenchymal mode.18,31 To validate our
method as an efficient approach to elucidate gene function in different
MP cells, siRNA-mediated gene knockdown of Hck was performed in
human MFs, and their capacity to perform mesenchymal migration
was evaluated. In the presence of the siRNA targeting Hck, the
chemotactic effect induced by the CoHT1080 culture supernatant was
inhibited in terms of total percentage (Figure 3b, gray bars) and
migration distance (Supplementary Figure 5) of the MFs penetrating
the matrix. Similarly, when this approach was applied to human
monocytes, we demonstrate for the first time that Hck is implicated in
their ability to perform mesenchymal migration. By contrast, both
parameters were not affected in any of these cells transfected with the
siRNA control (Figure 3b and Supplementary Figure 5). Altogether,
these results argue that Hck regulates the mesenchymal mode of
migration in MP cells in both mice and humans.
DISCUSSION
There are currently three different methods to deliver siRNA into MP
cells: viral-, electroporation- and liposomal-based systems. Among
these, viral-based systems are the most effective for the transfection
and the establishment of stable expression of siRNA. However, this
approach poses risks due to their non-specific inflammatory and
immunogenic effects, as best described in transduced primary
DCs.32,33 To overcome these limitations, non-viral methods offer an
alternative approach for siRNA delivery in vitro. On the one hand,
the electroporation approach physically translocates siRNA into cells
during a brief but powerful electric pulse causing transient
perturbations of the cell membrane, making it a more general
method for siRNA delivery into all cell types. Although
electroporation is reported to cause high cell death in general,34
there are established protocols for specific primary MP cells that do
not impair cell viability or induce non-specific immunogenic effects.35
Nevertheless, this approach requires special instruments, demands
expertise from the experimenter and needs extensive parameter
optimization for different cell types, making difficult to reproduce
the reported results.36 On the other hand, lipid-based transfection
systems are easy to use in most cell types, yield high efficiency and
reproducibility, and there are many commercial offerings. Yet, despite
our search in the literature for a dedicated lipid-based siRNA-gene
silencing method in primary MP cells, we were surprised to find few
protocols for either human DCs or MFs, and none for primary
human blood monocytes, highlighting the fact that these cells are
delicate and difficult to transfect efficiently. In this report, taking into
account the multiple parameters that influence siRNA-mediated gene
silencing, we present a highly efficient and practical procedure to
deliver siRNA in primary human MP cells with a low incidence on
cell death and void of non-specific major alterations in cell functions
such as differentiation, phagocytosis and cell migration, which could
hinder the study of gene inactivation in these cells.
Although there is a wide range of commercially available products
for lipid-based transfection systems, we found that the HiPerFect
reagent was uniquely optimal for the delivery of siRNA into primary
human monocytes, MF and DC. Widely used transfection reagents
such as DharmaFECT4 (Thermo Fisher Scientific, Illkirch, France)
and Lipofectamine 2000 (Invitrogen, Illkirch, France) were first tested
for this purpose, but they yielded variable transfection efficiency and
cell death, resulting in poor gene knockdown in primary human
monocytes (data not shown). Similarly, the HiPerFect transfection
reagent was highly toxic when used as described for siRNA delivery
into primary human MFs.13 Nevertheless, further parameter
optimization in terms of final volume (1% vol/vol), incubation
time allowed for siRNA/lipid complex formation (15–20min),
reverse mode of transfection (suspension cells onto siRNA/lipid
siRNA-mediated gene silencing in human phagocytes
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complexes) and total time of transfection (4 h) made the HiPerFect
reagent as the lipid-based transfection system of choice. Not only
these optimized parameters were applicable to the transfection of
human DCs, but also they resulted in a comparable gene knockdown
efficiency to that obtained in human MFs with an established
protocol.13 Of note, this protocol works as efficiently for MFs as it
does for monocytes/DCs, provided MFs are detached from the well
and maintained in suspension (data not shown).
Another critical reagent was the ON-TARGETplus SMARTpool
siRNA. Compared with other siRNA products, we found the
ON-TARGETplus SMARTpool siRNA are highly reliable and effective
in knocking down the gene of interest. These siRNA pools (a mixture
of four siRNAs targeting one gene), whose strands are chemically
modified to enhance specificity and reduced off-targets, offer different
advantages including (1) the use of lower concentration of siRNA, (2)























































































































































































































































































Monocytes to macrophages Monocytes to dendritic cells
undifferentiated monocytes (day0)
differenciated monocytes (day7)
tranfected & differenciated monocytes (day7)
siRNA-mediated gene silencing in human phagocytes
A Troegeler et al
6
Immunology and Cell Biology
poor results and (3) at least one of the four siRNA sequences is
guaranteed to inactivate the gene of interest, according to the
manufacturer. Most studies using lipid-based siRNA-mediated
approaches for gene inactivation in primary MP cells utilize a siRNA
final concentration ranging from as low as 1 nM to as high as 300 nM.
Along with this report, 15 SMARTpool siRNA have been tested in
primary human MP cells, yielding a 100% success rate of gene
knockdown at a final concentration of 200 nM. Interestingly, siRNA
concentrations ranging from 100 nM to 133 nM also yielded similar
results depending on the gene target. Below a final concentration of
100 nM, however, the gene inactivation efficiency diminishes con-
siderably for all tested siRNA pools. Above a final concentration of
200 nM, we observed variations in cell viability and non-specific major
alterations in cellular functions (for example, upregulation of
co-stimulatory molecules). For the double gene knockdown, it is
imperative to find out the lowest final siRNA concentration to
inactivate each gene of interest; the combined final concentration
for the two siRNA pools should ideally not exceed 200 nM. Finally, the
recommended final siRNA concentration of 200 nM usually resulted in
a prolonged protein knockdown starting at 2 days and lasting up to
7 days after transfection, without affecting cell viability.
Most of the published work and available protocols using a lipid-
based siRNA-mediated gene silencing approach perform the analysis
of gene knockdown efficiency solely at the mRNA level by qPCR
analysis. Although we routinely use this approach to test the efficiency
of each siRNA pool, we also monitor gene knockdown at the protein
level by flow cytometry (for example, cell surface receptors), western
blot (for example, cytoplasmic proteins), ELISA (for example,
secreted proteins) and immunofluorescence imaging (for example,
cytoskeleton and actin-binding proteins). We reasoned that beyond
the inhibition of de novo protein synthesis, siRNA-mediated gene
silencing mainly occurs via mRNA degradation or prevention of
mRNA from being translated, the cell still preserves residual protein
whose abundance is, thereafter, subjected by its natural turnover rate.
For instance, MR protein has a half-life of 33 h based on pulsed-chase
studies,37 and, in this report, its knockdown was optimally and
reproducibly assessed 48 h after transfection. However, for certain
gene targets, specifically those with a high transcription rate or high
protein stability/low turnover, the optimized parameters may not be
sufficient to induce a significant protein knockdown. The neural
Wiskott-Aldrich Syndrome protein (N-WASp) best illustrates this
case, as its protein turnover rate is dependent on the status of
phosphorylation and ubiquination,38 and its interaction with HSP90,
which protects it from proteasome-dependent degradation.39 By
reducing the cell density per well (in order to adjust a higher ratio
of siRNA delivered per cell), we were able to improve the partial
knockdown of the N-WASp protein only 96 h after transfection of
primary human MFs.40 In addition, although we do not provide
evidence in this report, consecutive transfections can be done in the
same cells to deliver the siRNA at different time points and prolong
the gene silencing effect for more than 10 days, without affecting cell
viability. All things consider, however, whether or not the turnover
rate of the protein of interest is known, a kinetic time course analysis
for the protein knockdown should be performed when testing a new
SMARTpool siRNA.
The efficient delivery of siRNA to primary MP cells, and specifically
in monocytes, provides an avenue to further identify and characterize
novel gene networks at work in these cells. To demonstrate in
principle the consequences of gene knockdown in primary human
monocytes, for example, we focused on the role of Hck as a regulator
of the mesenchymal migration based on previous studies in murine
MFs.18,31 The Hck knockdown in human monocytes and MFs
indeed results in an inhibition of mesenchymal migration, suggesting
that this function of Hck is highly conserved between mice and
humans. Similarly, we envision this protocol will further enhance the
study across species of many other gene targets thought to be involved
in MP biology. In particular, the capacity to perform the
simultaneous knockdown of two, and possibly more, genes in
primary human MP cells will enhance the characterization of the
role of redundancy and compensation within the gene networks at
work in these cells. On the basis of this protocol, for instance, we are
currently carrying out an unprecedented study to investigate the
contribution of the CLR family of receptors to the human monocyte
response to different microbial pathogens, in a similar manner
recently done for primary human MFs.13 Finally, this protocol can
be adapted for transfection of MP cells in multiple cell culture plate
formats including 384-well plates, suggesting it can be applicable to
perform different global approaches including siRNA-based high-
throughput screening.
In summary, we optimized a protocol for lipid-based siRNA-
mediated gene silencing in primary human MP cells that is efficient
for the single and double knockdown of target proteins. The protocol
Figure 3 Functional assessment of transfected primary human monocytes and MFs. (a) Monocyte capacity to differentiate into MFs and DCs. Human
monocytes were prepared as described in Methods, and their cell-surface marker expression was assessed directly by flow cytometry, serving as a reference
sample for freshly isolated blood monocytes (white). In parallel, monocytes were transfected with the non-targeting siRNA (black) at 200nM, or not (gray).
After 4 h, monocytes were either cultured to undergo a differentiation program into MFs (left) and DCs (right), as indicated in Methods. After 7 days, all
cells were collected, stained accordingly for the indicated cell-surface marker and analyzed by flow cytometry. Results were obtained from four independent
experiments performed with different donors. Results are expressed as mean±s.e.m. P-values obtained using the Student’s t-test (*Po0.05; **Po0.01;
***Po0.001). Cytospins were imaged using an inverted microscope (Leica DMIRB) from cells collected at day 7 after differentiation into MFs (left) or DCs
(right) (scale bar, 10mm). (b) Protease-independent migration analysis in fibrillar collagen I matrices. Primary human monocytes (left) and MFs (right) were
treated either with the transfecting reagent (HiPerFect) or siRNA (siControl), transfected with the control siRNA (siControlþHiPerFect) or not
(Untransfected), for 4 and 6 h, respectively. Monocytes and MFs were then cultured in complete RPMI supplemented with M-CSF at 10 ngml1 for 24 and
72h, respectively. All cells were collected from the culture plates and counted, placed on top of the fibrillar collagen I matrix and allowed to migrate into
the matrix for 24 h. The percentage of cell migration was obtained as the ratio of cells within the matrix to the total cell number. Three independent
experiments were performed with different donors. Results are expressed as mean±s.e.m. No statistical significance was found using the Student’s t-test
analysis. Pictures illustrate monocytes and MFs infiltrated into fibrillar collagen I, which exhibit the round morphology characteristic of the amoeboid
movement (scale bar, 20mm). (c) Mesenchymal migration analysis in Matrigel. Primary human monocytes (left) or MFs (right) were transfected with the
siRNA targeting Hck, non-targeting control or untransfected. Monocytes and MFs were cultured for 24 and 48 h, respectively, in complete RPMI
supplemented with M-CSF at 10 ngml1. All cells were then layered on the top of Matrigel and allowed to migrate into the matrix in response to
conditioned medium obtain from HT1080 human fibrosarcoma cell cultures (CoHT1080) or control medium (CoCTL) for 72 h. Three independent
experiments were performed with different donors. Results are expressed as mean±s.e.m. P-values obtained after analysis using the Student’s t-test
(*Po0.05; **Po0.01). Pictures illustrate monocytes and MFs infiltrated into Matrigel, exhibiting an elongated cell morphology characteristic of the
mesenchymal movement (scale bar, 20mm).
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does not affect cell viability or induce non-specific major alterations
in cell functions. Therefore, this easy-to-use technique might repre-
sent an advantage compared with the commercially available proto-
cols that are usually optimized in monocytic cell lines, and it can be
well employed in several MP cells to investigate and compare the
function of various genes.
METHODS
Isolation of the human primary monocytes and differentiation of
monocyte-derived MUs and DCs
Human monocytes were obtained from blood donors (Etablissement Franc¸ais
de Sang, EFS, Toulouse, France). For this report, written informed consents
were obtained from the donors under EFS contract n121/PVNT/TOU/IPBS01/
2009-0052. Following articles L1243-4 and R1243-61 of the French Public
Health Code, the contract was approved by the French Ministry of Science and
Technology (agreement n AC 2009-921). The monocytes were prepared
following a previously published procedure.41 In brief, mononuclear cells
were isolated from using Leucosep tubes (Fisher), according to the
manufacturer’s instructions. Monocytes were further purified using CD14
microbead positive selection and MACS separation columns (Miltenyi Biotec),
according to the manufacturer’s instructions. Upon purification, CD14þ
monocytes were counted using trypan blue (Sigma-Aldrich) and a
hemocytometer, and used directly either for transfection purposes or
differentiation of primary human monocyte-derived cells. For differentiation
of MFs, monocytes were allowed to adhere to the microscope cover glasses
(VWR international) in six-well or 24-well plates (Thermo Scientific), at
1.5 106 cells per well and 3 105 cells per well, respectively, for 2 h at 37 1C
in warm RPMI 1640 medium (GIBCO). The medium was then supplemented
to a final concentration of 10% FCS (PAN-BIOTECH), 1% sodium pyruvate
(GIBCO) and 0.1% b-mercaptoethanol (GIBCO), considered from hereon as
‘complete’ RPMI, and human M-CSF (Miltenyi Biotec) at 20 ng ml1. Cells
were allowed to differentiate for 5–7 days. The cell medium is renewed every
third or fourth day of culture. For differentiation of DCs, monocytes are
seeded directly in 24-well plates (5 105 cells per well) with complete RPMI
supplemented with human IL-4 (Miltenyi Biotec) and human GM-CSF
(Miltenyi Biotec) at 20 and 10 ng ml1, respectively. Cells are allowed to
differentiate for 5–7 days. The cell medium is renewed every third or fourth
day of culture. All cell cultures are performed in antibiotic-free condition (that
is, grown without penicillin/streptomycin), as their presence increases the
incidence of cell death during the transfection procedure. To confirm the full
differentiation of human monocytes into the MF and DC program, cytospin
analysis was performed as previously described42 using a Shandon Cytospin 4
(Thermo Fisher Scientific). After 7 days of differentiation, cells were
cytospined, fixed and stained with May-Gru¨nwald Giemsa (Sigma-Aldrich),
according to the manufacturer’s instructions. Pictures were acquired with an
inverted Leica DMIRB microscope.
Preparation of cells before transfection
The transfection of CD14þ monocytes was done the same day they are freshly
isolated from blood, and, consequently, they were kept on ice (no more than
6 h) in complete RPMI until the transfection is performed. For DCs, the
majority of cells were semi-attached and/or floating in clusters starting at day
four, with a robust number of cell clusters concentrating at the rim of the well
and cell morphology characterized by veil-, star-like-, sheet-like processes. DCs
were collected at day five in warm complete RPMI and counted using tryptan
blue and hemocytometer. Both CD14þ monocytes and DCs were resuspended
in warm complete RPMI at a cell density of 1.5 106 cells per 1 ml per well for
transfections in a six-well plate format (or at 3 105 cells per 250ml per well
for 24-well plates). Monocyte and DC cell suspensions were kept afterwards in
a humidified tissue culture incubator at 37 1C and 5% CO2. For MFs, the
majority of cells were attached (70–90%) to the microscope cover glasses with
a roundish MF/myeloid morphology by day five. No transfections were done
under a cell confluence of 50%. The culture media was aspirated gently from
each well and washed twice with warm complete RPMI to ensure the removal
of floating cells, which can contribute to atypical high levels of cell death
during the transfection procedure. Fresh complete RPMI was added to the
attached cells to a final volume that is critical for the transfection procedure
(250ml per well in 24-well plates; 1 ml per well in six-well plates) and kept
thereafter at 37 1C and 5% CO2.
Preparation of ready-to-use siRNA reagent and lipid-siRNA
complex formation
The ON-TARGETplus SMARTpool siRNA targeting Hck, MR, DC-SIGN and
Dectin-1, the non-targeting siRNA and the siGLO Red transfection indicator
were purchased from Thermo Scientific, Dharmacon (Illkirch, France). Upon
arrival, siRNAs came in dried pellets and were stored as such at 20 1C. The
resuspension of siRNA pellets was done in 1 siRNA Buffer (Thermo
Scientific, Dharmacon). The working aliquots (20mM) and master stocks
(200mM) were then stored at 20 1C and 80 1C, respectively.
In this report, we used a final siRNA concentration of 200 nM: 15ml (¼ 300
pmol or E4.0mg) for the six-well plates and 3.75ml (¼ 75 pmol or E1.0 mg)
for 24-well plates, from the 20mM siRNA working stocks (Supplementary
Table 3). This calculation was based on a standard average molecular weight of
a 19–22 bp siRNA (13 300 g mol1).7 For simultaneous inactivation of two
genes (double knockdown), the working siRNA concentration combined for
the two genes to be silenced did not exceed the final concentration of 200 nM.
To compare siRNA-mediated effects between single and double knockdowns,
we prepared siRNA dilutions for single transfectants along with the non-
targeting siRNA in order to control the siRNA amounts used in the double
knockdown condition.
For the formation of the lipid-siRNA complexes, warm RPMI medium (non-
supplemented) was used given that serum inhibits the formation of these
complexes consequently yielding a poor gene knockdown efficiency. For MFs,
the transfection mix per well was 440ml of warm RPMI medium (non-
supplemented) and 45ml of HiPerFect transfectant (Qiagen, Courtaboeuf, France)
for six-well plate format, and 110.25ml of warm RPMI medium and 11ml of
HiPerFect transfectant for 24-well plates (Supplementary Table 3). For monocytes
and DCs, the transfection mix per well was 470ml of warm RPMI medium and
15ml of HiPerFect transfectant for six-well plate format, and 117.5ml of warm
RPMI medium and 3.75ml of HiPerFect transfectant for 24-well plates
(Supplementary Table 3). The siRNA amounts described above were added,
and the lipid-siRNA mix incubated for 15–20 min at room temperature during
which the mixture was inverted gently a few times to enhance the formation of
complexes. Of note, although it is thought that lipid-siRNA complexes are stable
E1 h at room temperature, we obtained lower transfection efficiencies when
siRNA complex formation with HiPerFect transfectant exceeds 20 min.
Forward transfection of primary human MFs (siRNA complexes
onto attached cells)
At the end of the incubation period, the lipid-siRNA complexes were
centrifuged briefly to concentrate and avoid loss of volume. The lipid-siRNA
complexes were added drop-wise onto the media of adherent MFs (0.5 ml for
six-well and 125ml for 24-well plate formats), accompanied by a gentle rocking
of the plate to mix the complexes throughout the well. The addition of the
lipid-siRNA complexes into the culture media results in a siRNA final
concentration of 200 nM (at 26.7 ngml1) and 3.0% (vol/vol) of HiPerFect
transfectant. As soon as the complexes were added to all wells, the plates were
then placed at 37 1C and 5% CO2. After 6 h, complete RPMI supplemented
with M-CSF (final concentration of 10 ng ml1) was added as 0.5 ml (24-well
plate) or 2.0 ml (six-well plate) per well, and cells were allowed to recuperate
overnight. For the double gene knockdown of MR and DC-SIGN, IL-4
(20 ng ml1) was added 24 h after to induce the expression of these genes,
which peaks between 48 and 72 h after treatment.
Reverse transfection of primary human monocytes and DCs
(suspension cells onto complexes)
Having tilted down the cell culture plate to be used for transfection, the lipid-
siRNA complexes (500ml for six-well and 125ml for 24-well plate formats) were
added and maintained into one side of the well. The cells in suspension
(monocytes or DCs; 1.0 ml for six-well and 250ml for 24-well plate formats)
were added directly into the lipid-siRNA complexes at once, without pipetting
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up and down the mixture as it leads to a high incidence of cell death. The
addition of the cell suspension into the lipid-siRNA complexes results in a
siRNA final concentration of 200 nM (at 26.7 ngml1) and 1.0% (vol/vol) of
HiPerFect transfectant. As soon as the cells were added to all wells, the plate was
gently swirled to ensure uniform distribution of lipid-siRNA complexes, and
placed at 37 1C and 5% CO2 for a total of 4 h. Then, for monocytes only,
complete RPMI supplemented with M-CSF to a final concentration of
10 ng ml1 was added as 0.5 ml (24-well plate) or 2.0 ml (six-well plate) per
well. This concentration is close to that of circulating M-CSF levels in normal
human blood rangingB2–9 ng ml1,43 and kept the monocytes steady without
fully differentiating them towards a MF program. For the double gene
knockdown of MR and DC-SIGN in human monocytes, IL-4 (20 ng ml1)
was added 24 h after to induce the expression of these genes, which reaches its
peak 48–72 h after. For DCs, the transfection is stopped by 0.5 ml (24-well
plates) and 2 ml (six-well plates) of complete RPMI supplemented with GM-
CSF and IL-4 (final concentrations of 10 and 20 ng ml1, respectively). Of note,
this protocol works as efficiently for MFs as it does for monocytes/DCs,
provided they are detached from the well and maintained in suspension.
Analysis of transfection efficiency by fluorescence microscopy
Primary human monocytes and MFs were transfected with siGLO Red
Transfection Indicator for 4 and 6 h, respectively. After 24 h in complete
RPMI supplemented with M-CSF (10 ng ml1), cells were fixed in 4%
paraformaldehyde (PFA) subsequently quenched with 50 mM NH4Cl for
2 min. Cell nuclei and F-actin were counterstained during 15 min with a mix of
DAPI (Sigma-Aldrich, Saint Quentin Fallavier, France) at 0.5mg ml1 and
Alexa-Fluor 488-conjugated Phalloidin (Molecular Probes, Illkirch, France) at
1 U ml1 in 1 PBS 0.1% Triton X-100/5% BSA. Cells were imaged using an
Olympus FV1000 confocal microscope for human monocytes or a Leica DM-
RB fluorescence microscope for human MFs.
Assessment of transfection, gene knockdown, cell death and
monocyte differentiation by flow cytometry
All cells were transfected with siRNA complexes accordingly. After 48 h, while
the transfected monocytes and DCs were easily collected from culturing plates,
MFs were detached from plates using non-enzymatic cell dissociation solution
(Sigma-Aldrich), according to the manufacturer’s instructions. The cells were
washed in cold FACS buffer (PBS pH 7.2, 5% BSA) and centrifuged for 5 min
at 340 g at 4 1C, and then blocked for 15 min at room temperature using the
FcR blocking reagent (Miltenyi Biotec), according to the manufacturer’s
instructions. The cells were stained for 25 min (on ice) with the corresponding
antibody for the protein of interest, and in parallel, with the corresponding
isotype control antibody, using a general dilution of 1/400. The anti-human
DC-SIGN (CD209, clone DCN46), MR (CD206, clone 19.2), CD11c (clone
B-ly6), CD11b (clone ICRF44), CD14 (clone M5E2), and their corresponding
isotype control antibodies, were purchased from BD Biosciences/Pharmingen
(Le pont de Claix, France). The anti-human Dectin-1 (CLEC7A, clone 259931)
was acquired from R&D Biosystems (Lille, France), and the anti-human CD1a
(clone HI149) was obtained from eBioscience (Paris, France). Alternatively, the
Annexin V-FITC Kit (Miltenyi Biotec, Paris, France) was used to assess the
incidence of apoptosis and necrosis of all transfected cells, according to the
manufacturer’s instructions. After staining, the cells were washed with FACS
buffer, centrifuged for 5 min at 340 g at 4 1C (two times) and analyzed by flow
cytometry using LSR-II flow cytometer (BD Biosciences). Data were then
acquired and analyzed using the FlowJo 7.6.5 software.
Analysis of gene knockdown efficiency by SDS-PAGE and western
blotting analysis
All cells were transfected with siRNA complexes accordingly. After 72 h, cell
cultures in either 24-well plates (3 105 cells per well) or six-well plates
(1.5 106 cells per well) were lysed with boiling cell lysis buffer (62.5 mM Tris
HCl pH 6.8, 2% SDS (Eurobio, CourtaBoeuf, France), 10% glycerol (Promega,
Charbonnieres, France), 5% b-mercapto-ethanol, 0.002% Bromophenol blue
(Sigma-Aldrich)), which typically yield 30mg and 150mg protein per well,
respectively. For suspension cells, cell pellets were lysed directly upon
centrifugation using similar parameters as those for attached cells. For
immunodectection, protein lysates (25mg) were loaded equally onto SDS-
PAGE gels (percentage according to the size of protein of interest) and
transferred onto nitrocellulose membranes. The membranes were blocked in
5% BSA (EUROMEDEX, Souffelweyersheim, France) in TBS Tween-20 0.1%
(EUROMEDEX) and incubated with corresponding primary antibodies at 4 1C
overnight. The primary antibodies used were anti-Hck (N-30) (Santa Cruz,
Nanterre, France, 1/1000, sc72), anti-Fgr (M-60) (Santa Cruz, 1/1000, sc-
50338) and anti-actin20–33 (Sigma-Aldrich, 1/20 000). The membranes were
washed extensively (three times) with TBS Tween-20 0.1% and then exposed to
the corresponding secondary antibody at room temperature for 1 h. Secondary
antibody used: goat Anti-Rabbit IgG (Hþ L)-Horseradish Peroxidase (HRP)
Conjugate (Biorad, Marnes-la-Coquette, France, 1/20 000). Signals were
detected by autoradiography using a chemiluminescence detection system
(Millipore, Molsheim, France).
Opsonization and FITC-labelling of zymosan
Zymosan A particles from Saccharomyces cerevisiae (Sigma-Aldrich) were
incubated in human serum (Sigma-Aldrich) for 20 min at 37 1C, washed twice
in PBS, pH 7.4, and resuspended in PBS containing 1 mM CaCl2 and 0.5 mM
MgCl2. The number of particles or bacteria after opsonization was estimated
by quantification in a Thoma chamber. For FITC staining, 109 particles were
added to 1 ml of 0.01% FITC (Invitrogen) in 0.2 M Na2CO3–NaHCO3 buffer,
pH 10.2, for 10 min and washed with PBS, pH 7.4.44
Phagocytosis Assay by immunofluorescence microscopy
FITC-labeled opsonized zymosan A particles were added to monocytes and
MFs at a multiplicity of 10 particles per cell in complete RPMI for 30 min at
37 1C. Cells were washed twice with warm RPMI medium and fixed in 3.7%
paraformaldehyde (Sigma-Aldrich) supplemented with 15 mM sucrose at room
temperature for 20 min. Extracellular non-internalized FITC-labeled zymosan
A particles were stained as previously described45 and then revealed with a
secondary AlexaFluor 555-coupled goat-anti rabbit antibody (Cell Signaling,
Saint Quentin Yvelines, France). Thus, total particles are green (FITC-labeled)
and extracellular particles are yellow (FITC-labeledþAlexaFluor 555-coupled
anti rabbit antibody-revealed). Index of binding and phagocytosis were
microscopically quantified using a Leica DM-RB fluorescence microscope as
the number of bound or phagocytosed particles per 100 cells, using a Leica
DM-RB fluorescence microscope.
Functional 3D-migration assays
All cells were transfected with lipid-siRNA complexes accordingly. The
3D-migration assays were performed as described previously.27 In brief, to
assess protease-independent migration (amoeboid mode), we used transwells
(BD Biosciences) filled with fibrillar collagen I (Nutragen). The top of each
matrix inset was seeded with 4 104 transfected cells, while the lower chamber
was filled with 500ml of culture medium (CoCTL). Migration was analyzed
during the first 24 h. To assess protease-dependent migration (mesenchymal
mode), transwells were filled with Matrigel (BD Biosciences). The top of each
matrix insert was seeded with 4 104 cells, while the lower chamber was filled
with 50% of complete medium or a 50% dilution of HT1080 conditioned
medium (CoHT10-80) to establish a chemoattractant gradient. The
CoHT1080 was obtained from maintained HT1080 human fibrosarcoma cell
cultures,27 which were systematic sterilized by filtration and stored as aliquots
at 80 1C. Cell migration was analyzed after 72 h. All image acquisition was
performed using the motorized stage of an inverted video microscope (Leica
DMIRB) and the Metamorph software thereafter. Pictures were taken
automatically with a 10 objective and at constant 15-mm intervals, and
cells on top and within the matrix were counted using the Cell Counter plugin
of the ImageJ software. The percentage of cell migration was obtained as the
ratio of cells within the matrix to the total number of counted cells.
Statistical analysis
Data are presented as mean±s.e.m. of at least three independent experiments;
P-values (Student’s t-test) are relative to the indicated control. Statistical
significance was assumed when Po0.05.
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Supplemental figure legends  
Supplementary Figure 1. Analysis of the transfection efficiency in primary human monocytes 
and MΦs by fluorescence microscopy (related to Figure 1). Freshly isolated monocytes (a) and 
MΦs (b) were transfected with the siGLO Red transfection indicator (siGLOred) for four and six 
hrs, respectively. All transfections were stopped with complete RPMI supplemented with M-CSF 
(10 ng/ml) and cells were allowed to rest for 24 hrs. Transfected cells were then fixed with 4% 
PFA, and were subsequently stained for 15 min with a mixture of DAPI (blue) and Alexa-Fluor 
488-conjugated Phalloidin (green) in 1× PBS, 0.1% Triton X-100, 5% BSA. Pictures were captured 
using an Olympus FV1000 confocal microscope for human monocytes or a Leica DM-RB 
fluorescence microscope for human macrophages. Images are representative of three independent 
experiments performed with different donors. (scale bar = 10 µm). 
 
Supplementary Figure 2. Measurement of the Fgr protein expression in cells transfected with 
the siRNA targeting Hck (related to Figure 2a-b). All cells were transfected with siRNA 
targeting Hck (siHck) or non-targeting siRNA (siControl). (a) Expression of Fgr protein was then 
measured 72 hrs after transfection in primary human monocytes (left), MΦs (center) and DCs 
(right) by western blot analysis. (b) The representative Fgr immunoblot above was 
densitometrically scanned, and protein abundance is listed as a percentage relative to that of 
siControl-treated cells (set arbitrarily at 100%).  
 
Supplementary Figure 3. Assessment of cell surface protein expression profile of Dectin-1, 
MR and DC-SIGN in primary human macrophages (related to Figure 2c-d). MΦs were 
cultured for 48 hrs with complete RPMI supplemented with either IL-4 (white) at 20 ng/ml or IFNγ 
(black) at 2.5 ng/ml. The expression of Dectin-1, MR and DC-SIGN was then assessed by flow 
cytometry analysis. Data is displayed as the percentage of positive cells relative to isotype control. 
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Three independent experiments were performed with different donors. Results are expressed as 
mean ± SEM. 
 
Supplementary Figure 4. Assessment of binding and phagocytosis functions of transfected 
human monocytes and MΦs (related to Figure 3a). Primary human monocytes (left) and MΦs 
(right) were transfected with control siRNA (Control + HiPerfect) or not (untransfected). Cells were 
then cultured for 48 hrs in complete RPMI supplemented with M-CSF at 10 ng/ml, and afterwards 
challenged with FITC-labeled opsonized zymosan A particles for 30 min at 37°C, using a 
cell/zymosan ratio of 1:10. Binding and phagocytosis indices were measured as the number of 
bound or internalized particles per 100 cells using a Leica DM-RB fluorescence microscope. Two 
and three independent experiments were performed with different donors for monocytes and MΦs, 
respectively. Results are expressed as mean ± SEM. No statistical significance was found using the 
Student’s t-test analysis when appropriate. 
 
Supplementary Figure 5. Position of human macrophages and monocytes migrating into 
Matrigel (related to Figure 3b). Human MΦs (top) or monocytes (bottom) were transfected with 
the siRNA targeting Hck (right) or non-targeting control (left), and then cultured for 48 hrs in 
complete RPMI supplemented with M-CSF at 10 ng/ml. All cells were layered on the top of 
Matrigel polymerized in Transwell inserts, and allowed to migrate into the matrix in response to 
conditioned medium obtain from HT-1080 human fibrosarcoma cell cultures (coHT1080) or control 
medium (coCTL). The distance (µmeters) and 3D positions of cells migrating (blue) within the 
matrix are represented using Topcat software. The illustrations are representative of three 
independent experiments performed with different donors. 




Supplementary Table 1. Cell death assessment in primary human 
monocytes transfected simultaneously with two siRNA pools (related to 
Figure 2c-d). 
siRNA Control DC-SIGN MR DC-SIGN/MR 
% apoptosis 5,73±3,40 % 5,18±3,17 % 4.21±2,33% 3,64±1.83 % 
% necrosis 3,23±1.86 % 1,53±0.69 % 1,20±0.56% 0,52±0,17% 
Cells	   were	   simultaneously	   transfected	   (double	   knockdown	   protocol)	   using	   the	   indicated	  targeting	   or	   non-­‐targeting	   (control)	   siRNA	   pools.	   Cell	   death	   is	   determined	   by	   using	   the	  Annexin-­‐V-­‐FITC	  kit	  designed	   for	   flow	  cytometry	  analysis.	  Percentage	  of	  apoptosis	   is	  defined	  as	  the	  number	  of	  cells	  positive	  for	  Annexin	  –V-­‐FITC	  but	  negative	  for	  propidium	  iodide	  per	  100	  total	  cells;	  percentage	  of	  necrosis	  as	  the	  number	  of	  cells	  positive	  for	  both	  Annexin-­‐V-­‐FITC	  and	  propidium	  iodide.	  Data	  are	  presented	  as	  mean	  of	  three	  independent	  experiments	  ±SEM.	  
 
Supplementary Table 2. Cell death assessment in primary human 
macrophages transfected simultaneously with two siRNA pools (related to 
Figure 2c-d). 
siRNA Control DC-SIGN MR DC-SIGN/MR 
% apoptosis 4.08±1.43 % 4.97±0.44 % 4.72±0.83% 4.25±1.00 % 
% necrosis 6.42±1.38% 5.79±0.78 % 5.76±0.93% 6.84±1.09% 
Cells	   were	   simultaneously	   transfected	   (double	   knockdown	   protocol)	   using	   the	   indicated	  targeting	   or	   non-­‐targeting	   (control)	   siRNA	   pools.	   Cell	   death	   is	   determined	   by	   using	   the	  Annexin-­‐V-­‐FITC	  kit	  designed	   for	   flow	  cytometry	  analysis.	  Percentage	  of	  apoptosis	   is	  defined	  as	  the	  number	  of	  cells	  positive	  for	  Annexin	  –V-­‐FITC	  but	  negative	  for	  propidium	  iodide	  per	  100	  total	  cells;	  percentage	  of	  necrosis	  as	  the	  number	  of	  cells	  positive	  for	  both	  Annexin-­‐V-­‐FITC	  and	  propidium	  iodide.	  Data	  are	  presented	  as	  mean	  of	  three	  independent	  experiments	  ±SEM.	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Supplementary Table 3. Preparation of the lipid-siRNA complexes based 
on cell type, route of transfection and plate format (related to Methods). 
 
Monocytes/Dendritic Cells 
(cells in suspension) 
Macrophages 
(adherent cells) 
Route of Transfection Reverse Forward 
Plate format 6-well 24-well 6-well 24-well 
siRNA 
(20 µM stocks) 
15.0 µl 
(200 nM ; 300 
pmol ; ≈	 4.0 µg) 
3.75 µl 
(200 nM ; 75 
pmol ; ≈	 1.0 µg) 
15.0 µl 
(200 nM ; 300 
pmol ; ≈	 4.0 µg) 
3.75 µl 
(200 nM ; 75 






(1 % vol/vol) 
3.75 µl 
(1 % vol/vol) 
45 µl 
(3 % vol/vol) 
11 µl 




470 µl 117.5 µl 440 µl 110.25µl 
Total volume 500µl 125µl 500µl 125µl 
Cell density/well 1.5x106 in 1.0 ml 3x105  in 250µl 1.5x106  in 1.0 ml 3x105  in 250µl 
Contact time between 
cells & lipid-siRNA 
complexes 
4 hrs 6 hrs 
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B. Article 2 : Profils cellulaires et moléculaires des processus 
résolutifs dans un modèle de péritonite induite par des facteurs de type 
DAMPs 
 
La résolution de l’inflammation est un mécanisme essentiel assurant le retour à 
l’homéostasie des tissus après un épisode inflammatoire. La compréhension des processus 
résolutifs représente aujourd’hui un intérêt à la fois fondamental pour la connaissance des 
mécanismes actifs mis en jeu pour éteindre l’inflammation et d’un point de vue thérapeutique 
pour proposer de nouvelles stratégies anti-inflammatoires. Dans cet objectif, les molécules 
agonistes des mécanismes de la résolution de l’inflammation (p.ex : les médiateurs pro-
résolvants) sont actuellement considérés comme des outils thérapeutiques prometteurs 
(Buckley et al., 2014). Toutefois, il est important de déterminer si les mécanismes de la 
résolution de l’inflammation procèdent de façons identiques ou différentes selon la nature de 
l’agent inflammatoire, question centrale pour aboutir à des stratégies thérapeutiques à la fois 
applicables au plus grand nombre de contextes inflammatoires mais aussi personnalisables.  
Afin de répondre à cette question, nous avons étudié les mécanismes de résolution chez la 
souris, au cours d’une péritonite induite par le thioglycollate (TG) et pour laquelle aucune 
donnée n’est disponible. Le TG est une solution contenant des produits terminaux de glycation 
issus de la réaction de Maillard, notamment reconnues par le récepteur RAGE (Receptor for 
Advanced Glycation Endproducts), prototype des récepteurs aux DAMPs. L’activation des 
récepteurs RAGEs par des DAMPs est impliquée dans différents processus pathologiques tels 
que le cancer, le diabète, l’athérosclérose ou encore la sclérose péritonéale encapsulante qui 
est une complication rare de la dialyse péritonéale (Goldin et al., 2006; Ishiguro et al., 2005; 
Nakamura and Niwa, 2004). Notre étude a permis dans un premier temps, de définir les 
mécanismes résolutifs d’une inflammation induite par l’activation de récepteurs RAGE et de 
caractériser les processus résolutifs conservés et spécifiques de ce type d’inflammation. Cette 
partie a été menée en collaboration avec Marc Dubourdeau, directeur d’Ambiotis, spécialiste 
dans l’analyse des médiateurs lipidiques de la résolution de l’inflammation (Gobbetti et al., 
2013; Le Faouder et al., 2013).   
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Dans un deuxième temps, nous nous sommes intéressés aux conséquences de l’inflammation 
induite dans  la cavité péritonéale sur les organes bordant le site inflammatoire, et plus 
particulièrement au niveau de l’épiploon, un tissu adipeux impliqué dans les mécanismes 
inflammatoires du péritoine. Nous avons observé, que quel que soit le stimulus inflammatoire 
utilisé (d’origine microbien (zymosan) et non microbien (TG)), des mécanismes résolutifs et la 
persistance de leucocytes opèrent dans l’épiploon. De plus, nos résultats indiquent aussi que la 
nature du stimulus inflammatoire influence l’état de polarisation des macrophages dans les 
tissus. Ces aspects de la résolution de l’inflammation n’ont jamais été étudiés à ce jour.  
 







Molecular and cellular profiles of the resolution phase in a DAMP-mediated peritonitis 
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Resolution of inflammation is essential to return to homeostasis. Models of microbial-elicited 
peritonitis were invaluable to identify mechanisms underlying inflammation resolution. Here 
we describe the cellular and molecular components of the resolution phase of non-microbial-
induced inflammation to determine whether some stimulus-specific aspects can be identified. 
Our procedure was based on thioglycollate-induced peritonitis with onset of resolution at 12h 
(Tmax) and a resolution interval (Ri) of 22h. The specialized pro-resolving mediators Lipoxin 
A4, Resolvins D1 and D2, Protectin D1 and 7-Maresin1 were transiently generated during 
resolution, while ResolvinD5 was produced from the onset of inflammation to resolution. We 
also investigated leukocyte infiltration and clearance in peritoneal tissues and organs 
surrounding the inflammatory site. In the omentum, a peritoneum-associated tissue, we 
measured for the first time Tmax (12h) and Ri (~20h). We noticed long-term persistence of 
leukocytes in the omentum and liver, with M2-polarized macrophages and B-lymphocytes 
which persisted after TG administration, and M1/M2- macrophages and T-lymphocytes which 
persisted after a microbial peritonitis induced by zymosan.  
Our study indicates that some aspects of resolution are shaped in a stimulus-specific manner, 
and it ultimately argues that tissues surrounding the inflammatory site must also be considered 
to address globally the inflammatory response. 
 
Key words: Bioactive lipid mediators, omentum, macrophage polarization 
 
INTRODUCTION  
Acute inflammation is necessary to protect the host against infections or tissue injury. 
It is self-limited to allow the resolution of inflammation that is required to return the tissue to 
homeostasis, to ensure organ integrity and protection for the host. The initiation phase of the 
acute inflammatory response is a reaction of the microvasculature. The secretion of cytokines 
and chemokines leads to a rapid influx of neutrophils that subsequently gives way to the 
recruitment of eosinophils and monocytes, and the latter locally differentiate into 
macrophages. Adaptative immune cells also participate in the eradication of pathogens and 
clearance of debris (1-3). After the elimination of inciting stimuli, the inflammatory response 
shifts to the resolution phase which has been defined by indices of resolution that measure 
parameters of neutrophil recruitment and clearance from the inflammatory site (4). 
Inflammation resolution is orchestrated by a switch in lipid mediators from the pro-
inflammatory eicosanoids to the Specialized Pro-resolving Mediators (SPMs), and 
concomitantly by cytokine and chemokine clearing. These events lead to inhibition of 
neutrophil infiltration, neutrophil apoptosis and clearance by macrophages (namely 
efferocytosis, (5-9)).  
Macrophages respond to environment cues leading to the acquisition of distinct 
functional phenotypes defined as M1 (classically activated) and M2 (alternatively activated) 
which represent extremes of a continuum of polarization states (10). Schematically, during 
inflammation, M1 macrophages have been shown to initiate the inflammatory response while 
during resolution, macrophages switch towards a hybrid phenotype of alternative activation at 
least in part induced by efferocytosis (1, 11, 12). Moreover, M2 macrophages play an 
essential role in tissue repair (ref). Therefore, macrophages play a key role in returning tissues 
to homeostasis (9).  
A timely defective resolution of inflammation is now recognized as a major causative 
event that leads to excessive local or distal tissue damages and predispose for several of the 
most common human diseases of the developed world such as cancer, atherosclerosis, asthma, 
auto-immune diseases, stroke, Alzheimer’s disease (7, 9, 13). Pro-resolution strategies are 
considered as promising pharmaceutical approaches for treating chronic inflammation and 
have already entered into human trials (7, 13, 14). However, it is possible that all processes of 
resolution are not conserved, thisremains an essential open question. If processes of resolution 
differ from one stimulus to another, this will invite to tailor pro-resolving therapy according to 
the inflammatory context (15).  
Mouse models of peritonitis elicited by agents such as zymosan A or Escherichia coli 
(E. coli), mimicking microbe infections, have proven invaluable for the study of inflammation 
resolution (4, 12, 16-18). Zymosan and E. coli induce inflammation after their recognition by 
Pathogen Associated Molecular Pattern (PAMP) receptors (19, 20). Although non-microbial 
activators (i.e. trauma, particles such as asbestos and silica, cholesterol depositions and 
glycation of proteins) trigger inflammation (21), the resolution pathways of these sterile 
inflammation contexts have yet to be established. In order to investigate how non-microbial-
induced inflammation ultimately resolves, we used here thioglycollate (TG). While TG was 
widely used to induce sterile peritonitis as a source of inflammatory macrophages to collect 
them for ex vivo studies (more than 1400 references in Pubmed), only one publication (22) 
has addressed mechanisms of resolution of the TG-induced peritonitis model. TG contains 
Advanced-Glycation End products (AGEs, non-enzymatically glycosylated proteins) that 
trigger the activation of the Receptor for Advanced Glycation End products (RAGE), the 
prototype of the Damage-Associated Molecular Pattern (DAMP) receptors (20, 23). In 
addition to the fundamental interest of determining whether the molecular and cellular 
pathways that underlie the resolution of inflammation differ between microbial and non-
microbial stimuli, we wish to point out that, clinically, AGEs play a critical role in several 
diseases and aging processes, including angiopathy, renal failure, diabetic complications, and 
some neurodegenerative diseases (24). Moreover, peritonitis continues to be a significant 
problem in patients on long term peritoneal dialysis as AGEs, generated from glucose 
degradation products, contained in peritoneal dialysates, participate in the loss of peritoneal 
membrane integrity which may affect dialysis efficacy and ultimately influence residual renal 
function (25-27).  
Most studies on peritonitis resolution focused on the kinetics of leukocyte infiltration 
and clearance operating in the cavity. Whether processes of resolution during self-limited 
acute inflammation occur in tissues surrounding the inflamed compartment remain until now 
uncharacterized. The peritoneal cavity contains abdominal viscera and the omentum. The 
omentum is a peritoneal fat tissue attached to the large curvature of the stomach connecting 
the spleen, the stomach, the pancreas and the colon and collects fluids, pathogens and cells 
from the peritoneal cavity. The omentum contains specialized structures called milky spots 
consisting in clusters of leukocytes embedded in the adipose tissue (28). During the acute 
phase of inflammation, it expands rapidly in size due to milky spot enlargement and it 
constitutes the primary site of neutrophil infiltration, thereby contributing to the inflammatory 
response in the peritoneal cavity (29-31). How the omentum leukocyte content evolves during 
the time of the peritonitis inflammatory response has not been studied and whether leukocytes 
infiltrate organs of the intraperitoneal space, including liver and spleen or the retroperitoneal 
space like the pancreas, remains uncharacterized.  
This study describes the cellular and molecular components of the resolution phase of 
the TG-induced peritonitis model. Using immunohistochemistry techniques, we measured for 
the first time indices of resolution in the omentum and identified leukocyte persistence in 
tissues surrounding the peritoneal cavity as unrevealed aspects of the inflammation response. 
Finally, our results indicate that the nature of the inflammatory stimulus shapes the 
polarization state of macrophages persisting in tissues.  
 
MATERIALS AND METHODS 
TG preparation: Brewer thioglycollate medium (Sigma-Aldrich) was dissolved at 4% in 
water, the classical dose used to induce self-limited inflammation and macrophage infiltration. 
The solution was autoclaved at 120°C for 20 min. For a long time it has been shown that 
keeping the autoclaved TG at room temperature up to 1 month or longer will increase its 
inflammatory efficiency (23). Here to ensure inflammatory response reproducibility, after 
autoclave treatment, the TG solution was first kept one week at room temperature in the dark 
and then stored at 4°C and used to induce peritonitis during one month. The TG solution was 
analyzed for the presence of endogenous AA, EPA and DHA by gaz chromatography with 
flame ionization detector after transmethylation (32) and none of these polyunsaturated fatty 
acids were detected (data not shown). 
Zymosan A preparation: zymosan A from Saccharomyces cerevisiae (Sigma-Aldrich) was 
suspended in Hank’s Balanced Salt Solution with magnesium and calcium (HBSS+/+; Sigma-
Aldrich) at 10 mg/mL and then heated at 90 °C. After cooling to room temperature, zymosan 
A was washed several times with HBSS+/+ and finally stored at -20 °C. 
Mice peritonitis: C57BL/6 female mice (6–12 wk) were bred in a specific pathogen-free/viral 
antibody-free barrier facility (n° C.32.555.05). All animal studies were approved by the 
Animal Care and Use committee of the Institut de Pharmacologie et de Biologie Structurale 
(n°2080810/105). Mice were injected intraperitoneally with 1mL of 4% thioglycollate or 
zymosan A (1 mg). At different time points, peritoneal cavity was washed for 10 min with 
2mL of sterile D-PBS (Gibco). 
Flow cytometry: Cell suspensions were incubated for 15 min with anti-mouse CD16/CD32 to 
block nonspecific binding of the Ab to FcᵧRII/III receptors. Staining was always performed 
on ice. For the analysis of cell populations recruited in the peritoneal cavity, exudate cells 
were stained with appropriate anti-mouse antibodies (mAb) (see table 1) for 30 min. Cells 
were then washed and stained with 7-AAD, a viability marker which intercalates into double-
stranded nucleic acids of dying or dead cells.  
For PMN apoptosis, cell suspensions were firstly stained with Gr-1 mAb on ice. Cells were 
washed and suspended in Annexin V binding buffer (BioLegend; cat # 42020) then labelled 
for 30 min with both Annexin V and 7-AAD reagents. 
In vivo efferocytosis was measured following the protocol of Schwab et al. (18). Briefly, 
exudate cells were stained with F4/80 mAb, fixed with a solution containing 4% 
paraformaldehyde for 30 min and permeabilized for 15 min with Perm/Wash buffer (BD 
Biosciences; cat # 554723). Cells were then incubated with anti-CD16/32 for 15 min and 
labelled with anti-Ly6G Ab for 30 min. Data were acquired on BD FACS LSR II (BD 
Biosciences) and analyzed with Flowjo software (TreeStar). 
Cytokine determination: 
Peritoneal exudates were centrifuged at 300g for 5 min and supernatants were stored at -80°C 
until analysis. Analyses were performed with a kit allowing concomitant quantification of 15 
cytokines/chemokines in clear supernatants (Milliplex 15-plex, Millipore Corp, St. Charles, 
Missouri, USA) according to the manufacturer instructions. Eotaxin, Interferon IFN-γ, 
Interleukin (IL)-10, IL-13, IL-1β, IL-4, IL-6, Interferon gamma-induced protein (IP)-10, 
monocyte chemotactic protein (MCP)-1, Macrophage inflammatory protein (MIP)-1α, MIP-
1β, MIP-2, Keratinocyte-derived chemokine (KC), Tumor necrosis factor (TNF)-α and 
RANTES were assessed.  
Lipidomic analysis: 
The protocol of lipid extraction and liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis were performed as described in Le Faouder et al. {Le Faouder, 2013 
#45} and adapted from Ambiotis standard operating procedures. Briefly, peritoneal exudates 
were supplemented with methanol and immediately frozen at -80 °C pending for extraction. 
Samples were let to thaw to room temperature unassisted and protected from direct light 
exposure. Each sample was spiked with deuterated internal standards (15 µL, 6 ng) and then 
centrifuged at 20000g for 20 min at 4 °C. Clear supernatants were then submitted to solid-
phase extraction using Oasis HLB 96-well clusters (Waters). Briefly, the plate was 
conditioned by successive washing with methyl formate, methanol and water. The samples 
were loaded at a flow rate of about 0.1 mL/min. After complete loading, the plate was washed 
with water/methanol (95:5, v/v) followed by water/methanol (90:10, v/v) and water. The plate 
was then dried under aspiration for 15 min and finally centrifuged (200 g, 5 min) to remove 
residual water. Lipid mediators were eluted with methyl formate. After solvent evaporation 
under N2, samples were dissolved with 30 µL of methanol containing butylated 
hydroxytoluene (1 mM) and stored at -80 °C before LC-MS/MS analysis. 
High performance liquid chromatography was performed using an Agilent 1290 Infinity 
mounted with a ZorBAX SB-C18 column (2.1 mm, 50 mm, 1.8 µm) (Agilent Technologies) 
maintained at 40°C. The ultra-high performance liquid chromatography system was coupled 
on-line to an Agilent 6460 triple quadrupole MS (Agilent Technologies) equipped with 
electrospray ionization source performed in negative ion mode. Analyses were performed in 
Selected Reaction Monitoring detection mode using nitrogen as collision gas. Peak detection, 
integration and quantitative analysis were done using Mass Hunter Quantitative analysis 
software (Agilent Technologies). 
Histological analysis  
Omentum, liver, spleen and pancreas were dissected, fixed in 10% buffered formalin (Sigma-
Aldrich) and embedded in paraffin. Tissue sections were stained with hematoxylin and eosin 
for histomorphological analysis. Immunohistochemical staining was performed on paraffin-
embedded tissue sections, using polyclonal and monoclonal primary antibodies summarized 
in table 2. Immunostaining of paraffin sections was preceded by different antigen unmasking 
methods. After incubation with primary antibodies, sections were incubated with biotin-
conjugated polyclonal anti-rat or anti-rabbit immunoglobulin antibodies followed by the 
streptavidin-biotin-peroxidase complex (ABC) method (Vector Laboratories) and then were 
counter-stained with hematoxylin. Slides were scanned with the Panoramic 250 Flash II 
(3DHISTECH) and virtual slides were automatically quantified for leukocyte distribution in 
peritoneal tissues using a home-made macro developed in the ImageJ software. Briefly, colors 
were deconvoluted with Gabriel Landini's plugin to separate brown staining (peroxydase 
product) from the blue coloration of hematoxylin. A threshold on the brown staining was 
chosen manually to dissociate specific signal from the background. The average brown 
positive cell area was evaluated by dividing the brown area by the number of positive cells 
that were counted manually in an app. 5000 µm² region. Tissues of interest were then 
delimited manually and the relative area of brown positive staining was automatically 
measured. The density of brown positive cells was then deduced from the density of staining 
and the evaluation of the average cell area. 
Statistical analysis 
Differences between 2 groups were tested using the nonparametric Mann-Whitney test. All 
analyses were performed with GraphPad Prism 5 software. Significance was set at P<0.05. 
 
 RESULTS  
Inflammatory cell trafficking during onset and resolution of the TG-induced peritonitis: 
determination of resolution indices 
The intraperitoneal injection of TG triggered a self-limited profile with cell infiltration in the 
peritoneal cavity from 4h, peaking up at 48h and returning to homeostasis after 10 days 
(Figure 1A-B), as previously described (22). Using flow cytometry, we show a massive influx 
of neutrophils (Gr-1 positive, CD115 negative) at 4h, peaking up at 12h and decreasing by 48-
72h (Figure 1A-B). Eosinophils (medium expression of CD11b and F4/80, and double 
positive for SiglecF and CCR3) appeared at 12h, peaked up at 48h and disappeared by day 5 
(Figure 1A-B). The macrophage population was determined by double staining for F4/80 and 
CD115. In naive mice, resident macrophages were the predominant cell population (49.5 +/- 
2.2%) which first decreased after inflammation initiation (24.6 +/- 1.2% at 12h), as the 
physiological response already known as “Macrophage Disappearance Reaction” (33). 
Monocytes infiltrated the peritoneal cavity 24h after TG injection, at 72h, macrophages 
became the main cell population in the peritoneal cavity (61.05 +/- 3.2%) and cleared between 
day 5 and 10 (Figure 1A-B). We used parameters of neutrophil trafficking into and out of the 
inflamed peritoneum previously described by Bannenberg et al. (4) to characterize the 
resolution phase of the TG-induced peritonitis model. The maximum neutrophil number 
(Ψmax) was 9x106 at 12h (Tmax), and took 22h (Resolution interval, Ri) to decrease by 50% 
(Figure 1C). The rate of neutrophil disappearance from Tmax to T50 corresponds to K50= 
2x105cells/hr. As resolution of inflammation means the return to homeostasis, we also 
calculated indices of resolution of the other leukocyte populations (table 3). 
 Another parameter of inflammation resolution is the B and T lymphocyte influx which play a 
critical role for controlling the severity of the subsequent inflammatory response (34). In 
naïve mice, 40% of peritoneal cells are B lymphocytes (35). During TG-induced peritonitis, 
an influx of B cells (CD11b negative, CD19 positive) occurred at day 5 whereas no variation 
in T cell (CD11b negative, CD3 positive) content was observed (Figure 1D).  
 
Temporal disappearance of inflammatory cells from the peritoneal cavity  
Neutrophil death by apoptosis and subsequent phagocytosis by macrophages (efferocytosis) 
are control points of inflammation resolution (9, 36). Here, we measured neutrophil apoptosis 
by flow cytometry using Annexin V which binds to phosphatidylserine exposed at the surface 
of apoptotic cells. As shown in figure 1E, at 12h post TG injection, which corresponded to the 
neutrophil Tmax, 6.2 +/- 1.2 % of neutrophils were apoptotic (Annexin V+). At 24h 
corresponding to the neutrophil T50, 29.8 +/- 3.7 % of the neutrophils present in the peritoneal 
cavity underwent apoptosis. In parallel, we measured in the exudates the number of 
macrophages containing neutrophils as a quantitative assessment of efferocytosis that occurs 
in vivo. Exudate cells collected at different time points were labeled for F4/80 and 
subsequently permeabilized to label ingested neutrophils with the Ly6G marker. As shown in 
figure 1F, efferocytosis was detected as from 4h with a constant proportion of 25% of 
macrophages containing neutrophils between 24h and day 5. At day 7, macrophages were still 
present in the cavity but none was positive for ingested neutrophils (data not shown). Taken 
together, these results show that macrophage efferocytosis started at the onset of the 
inflammatory response in agreement with the short lifespan of neutrophils. Furthermore, 
efferocytic macrophages persisted two more days after neutrophil disappearance.  
 
Cytokine and polyunsaturated fatty acid metabolite responses during inflammation induced 
by TG   
Given the potent roles of chemokines and cytokines during inflammation, we measured their 
presence in peritoneal exudates from 4h to day 5. Significant levels of the key 
chemokines/cytokines associated with leukocyte infiltration (KC, MIP2, MCP-1, IP-10, 
RANTES and eotaxin) and inflammation (IL1b, TNFa, IL-6 and IL-10) were detected in the 
exudates at 4h p.i (table 4) returning to basal level at 24h. IFN, IL-4 and IL-13 were below 
the limit of detection.    
Lipid mediators are essential components of the inflammatory response. We provided in this 
study, using liquid chromatography-tandem mass spectrometry, the complete 
metabololipidomic profile of the local polyunsaturated fatty acid metabolites derived from 
arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 
present in peritoneal exudates of TG-injected mice (supplemental figure 1A-D and 
supplemental table 1). The level of AA-derived pro-inflammatory mediators, Prostaglandin 
E2 (PGE2) and Leukotriene B4 (LTB4), increased during the onset of the inflammatory 
response (Figure 2A) followed by AA- and DHA-derived SPMs that peaked at 72h 
concomitantly with the maximal macrophage infiltration in resolving exudates (Figure 2B-D). 
Interestingly, while the overall SPM amount started to be significant at 24h (more than 2-fold 
increase compared to control (PBS-injected mice) see supplemental table 1), Resolvin D5 
(RvD5) accumulated from 4h (3-fold increase compared to control, P<0.05) and remained 
elevated in resolving exudates (6-fold increase compared to control at day 5, P<0.05) (Figure 
2D). Resolvin D2 (RvD2) and Protectin D1 (PD1) were the most abundant SPMs of the DHA 
metabolome (7 and 4.23 ng/exudate respectively corresponding to ~8- and 10-fold increase 
compared to their respective controls, P<0.05) during the resolution phase of TG-induced 
inflammation (Figure 2C and supplemental Figure 1D). Markers of their biosynthetic 
pathway, namely 14- and 17-HDoHE, were also significantly greater at 4h and the latter was 
still present after resolution (Supplemental figure 1C). Furthermore, AA metabolites produced 
by lipoxygenase (LOX) pathways such as the marker 15-HETE and 5-, 12-HETE remained 
elevated after resolution (Supplemental Figure 1A). Likewise, EPA and DHA metabolites 
derived from LOX pathways (5-, 8-, 12-, 15-HEPE and 14-, 17-HDoHE respectively) 
remained abundant late after resolution of TG-induced inflammation (Supplemental Figure 
1B-C). Of note, these mediators were generated from endogenous AA, EPA and DHA 
substrates during inflammation resolution without supplementation as described in other 
models (17). Altogether, these data show that endogenous production of SPMs gives a distinct 
profile between the continuous production of RvD5 and the transient production of the other 
SPMs during resolution. Finally, TG-induced inflammation massively activates LOX 
pathways preferentially fed by AA and DHA. 
 
Quantitative assessment of resolution parameters in peritoneal tissue  
We and others have previously shown that, upon intra-peritoneal injection of TG, 
neutrophils and macrophages infiltrate the omentum (22, 31, 37). However, whether the 
leukocyte content in the omentum evolves during the time of the peritonitis inflammatory 
response has not been studied before and whether the inflammatory response extends to 
parenchymatous organs contained in the peritoneal cavity remains uncharacterized. The 
omentum and organs contained in the intraperitoneal space (liver and spleen) and in the 
retroperitoneal space (pancreas) were harvested from naive mice and from mice having 
received TG from 4h to 10 days which corresponds to the time required to return the 
peritoneal cavity to homeostasis. We performed immunohistochemical stainings for 
neutrophils (Ly6B-2), macrophages (F4/80), B (B220) and T (CD3) lymphocytes, and 
quantified for each cell type the number of cells per unit area of tissue. 4h after TG injection, 
large areas of edema and massive infiltration of neutrophils were observed in the omentum 
(Figure 3C). A hallmark of inflamed omentum was also evidenced by a sharp decrease of fat 
cells and a marked increase in leukocyte populations, the tissue being occupied by enlarged 
milky spots (supplemental figure 1E). Conversely, neutrophil infiltration was observed neither 
in the liver, spleen nor pancreas (supplemental figure 1E) compared to naive mice, indicating 
that self-limited peritonitis induced by TG did not trigger a generalized inflammation in 
abdominal viscera.  Next, the kinetics of the inflammatory response induced by TG in the 
omentum was quantified. Ly6B-2 positive neutrophils peaked up at 12h and disappeared by 
day 3 (Figure 3A). The Ly6B-2 positive cells observed after 10 days did not harbor the 
characteristic poly-segmented nuclei of neutrophils (Figure 3C, inset). They might be 
inflammatory monocytes already described to express Ly6B-2 as well (38). F4/80 positive 
macrophages progressively infiltrated the omentum, peaking at 72h, a progression similar to 
that observed in the peritoneal cavity (Figure 3B). From these data, we calculated, for the first 
time, indices of resolution in the omentum during self-limited peritonitis. The Tmax was 12h 
and the Ri about 20h (Figure 3E). Indices of resolution measured in the omentum are 
consistent with those measured in the peritoneal cavity (Figure 1C). However, in contrast with 
the clearance of macrophages from the peritoneal cavity, macrophages accumulated as large 
clusters in the omentum which remained largely infiltrated 10 days after TG (Figure 3D). 
We did not observe any significant variation in the number of T lymphocytes during the 
inflammatory response induced by TG (Figure 4A and C). By contrast, as observed in the 
cavity (Figure 1D), B220-positive B lymphocytes started to increase at day 5 and organized as 
large clusters (Figure 4B and D).  
In conclusion, although indices of resolution calculated in the omentum were consistent to 
those measured in the peritoneal cavity, the omentum remained largely infiltrated by 
leukocytes mainly macrophages and B lymphocytes suggesting that the mechanisms driving 
the return to homeostasis in the omentum may differ from the peritoneal lumen. 
 
Temporal disappearance of leukocytes from the omentum  
To assess the kinetics of macrophage clearance from the omentum, this tissue was harvested 
at 3, 6 and 15 weeks after TG injection. From week 6, multinuclear giant cells were present 
(Figure 5A insets), so to globally quantify mono- and multinucleated macrophages, we 
measured F4/80-positive areas. As shown in figure 5, the area of F4/80 positive staining 
remained constant until week 6  and dropped at week 15, almost returning to homeostasis 
(Figure 5A-B). At week 15, as macrophages cleared from the omentum, adipocytes 
progressively reappeared (Figure 5A) and the number of B lymphocytes reverted to that in 
naïve omentum (Supplemental Figure 2). Collectively, these results indicate that, compared to 
the inflamed peritoneal lumen, the omentum remained in an inflammatory context in term of 
cell numbers for weeks and even months before to return to a quasi-homeostatic state.  
 
Leukocyte accumulation in peritoneal organs is conserved between TG- and zymosan-
peritonitis  
Next we investigated whether persistence of macrophages in the omentum is stimulus-
dependent. To address this question, mice were injected with zymosan (1mg/ml) to mimic a 
microbe-mediated peritonitis. Similarly to TG-induced peritonitis, macrophages were present 
in the omentum of zymosan-injected mice 3 days and 3 weeks after inflammation initiation 
and in greater content than in the TG model (Figure 6A). In addition, while the number of B 
lymphocytes was unchanged, T lymphocytes were increased in the omentum of zymosan-
injected mice (Supplemental Figure 3A-B). In the zymosan-injected mice, the number of 
macrophages in the spleen was increased while it was not significantly different from naive 
mice in the TG model (supplemental figure 3C). Interestingly, in both peritonitis models, we 
observed an increase in the macrophage content in the liver at day 3 and 3 weeks after 
peritonitis resolution (supplemental Figure 3D). This is contrasting with other peritoneum 
organs including intestine, kidney and pancreas which did not show any increase in 
macrophage content (data not shown). In TG-induced peritonitis, F4/80 positive macrophages 
were scattered throughout the liver (supplemental figure 3D) and no lymphocytes were 
detected (data not shown). In zymosan-peritonitis, F4/80 macrophages aggregated in the liver 
with a few T-lymphocytes (data not shown) forming granuloma-like structures (supplemental 
figure 3D) as previously reported (39). Taken together, these results indicate that persistence 
of macrophages in the omentum and surrounding tissues, after inflammation resolution in the 
peritoneal cavity, is a process conserved between the two inflammatory agents, which co-
exists with distinct lymphocyte populations. 
 
Distinct macrophage polarization states in tissues during the resolution phase of TG- and 
zymosan-peritonitis.  
We and others have previously shown that macrophages, present in the peritoneal cavity at the 
time of inflammation resolution of either TG- or zymosan-induced peritonitis, express both 
M1 pro-inflammatory and M2 anti-inflammatory polarization markers (11, 12, 22, 40). 
To gain access to the phenotype of persistent macrophages present in the omentum after 
inflammation resolution, we performed immunohistochemistry analysis using the classical 
M1 marker inducible Nitric Oxyde Synthase (iNOS) and the M2 marker Arginase-1 (Arg-1) 
at day 3 and week 3 post TG and zymosan injection. In TG-injected mice, macrophages were 
Arg-1-positive but iNOS-negative (Figure 6B-C) suggesting that only M2 polarized 
macrophages were present in the omentum.  We observed that the number of Arg1-positive 
macrophages was reduced after 3 weeks compared to 3 days (Figure 6A and C, 
immunohistochemical stainings). Regarding macrophages present in the liver, measurement 
of this M2 marker was not possible because Arg-1 is highly expressed in hepatocytes, iNOS 
was measurable but there were no positive macrophages as in the omentum (supplemental 
figure 3E). In zymosan-injected mice, both M1 and M2 markers were expressed in the 
omentum at day 3 and week 3. In contrast to the F4/80 staining, iNOS- and Arg1-positive 
macrophages partitioned into large clusters at week 3, indicating that only part of the 
macrophage population present in the omentum was M1 and M2 polarized (Figure 6B-C).  In 
the liver, macrophages in granulomas were iNOS positive (supplemental figure 3E).  
Overall, these results show for the first time that inflammation induced by TG and zymosan 
triggers the infiltration and accumulation of differentially polarized macrophages in the 
omentum and liver for several weeks after inflammation resolution.  
  
DISCUSSION  
In this study, we show that while resolution of inflammation triggered by TG operates 
through a general program of resolution, there are significant differences compared to 
microbial peritonitis. The case in point is the constant production of RvD5 from onset to 
resolution of sterile inflammation compared to its transient production during microbial 
peritonitis. Furthermore, we provide for the first time indices of resolution in the omentum, a 
peritoneum-associated adipose tissue, and observed that lymphocytes and macrophages 
persist in this tissue and the liver, long after the peritoneal cavity has returned to homeostasis. 
This is a conserved process in TG- and zymosan-induced peritonitis that is, in itself, a new 
aspect of the inflammatory response. By contrast, the type of lymphocyte and the polarization 
status of tissue macrophages differ strikingly between these two models of peritonitis.  
At the cellular level, kinetics of neutrophil recruitment and clearance from the 
peritoneal cavity are used to provide quantitative assessment of the onset and resolution of 
self-limited inflammation as described by Bannenberg et al. (4). Here, we calculated, for the 
first time, the indices of resolution of the TG-induced peritonitis model. The onset of 
resolution occurred with similar kinetics to the self-limited microbe-induced peritonitis with a 
Tmax at 12h. Although the number of neutrophils recruited during TG-peritonitis was lower 
than in zymosan-peritonitis (Ψmax: TG: 9x106 neutrophils vs zymosan: around 20x106 
neutrophils), the Ri was longer (4, 17, 18, 41-44). This is due to a slower clearance of 
neutrophil. Indeed, the rate of neutrophil reduction between Tmax and T50 reflected by the 
parameter K50 is lower in the TG model (K50=2x105 PMN/hrs (our study)) than in the 
zymosan-model (K50=5-8x105 PMN/hrs (41, 44)). These results suggest that the regulation of 
processes of inflammation resolution, which include neutrophil apoptosis and macrophage-
mediated efferocytosis, may differ between the two models. 
Lipid mediators play a critical role during inflammation as they orchestrate the 
temporal switch from the initiation phase to the resolution phase of inflammation (6). We 
have observed that initiation of the acute response is accompanied by the production of AA-
derived eicosanoids, LTB4 and PGE2, described to increase the permeability of blood vessels 
and enhance neutrophil recruitment as previously described in several models of microbial 
peritonitis (1). Then, at the time of TG-induced inflammation resolution, we show that 
significant amounts of mediators belonging to the Lipoxin, D-series Resolvin, Protectin and 
Maresin families were produced from endogenous AA and DHA. Although the E-series 
Resolvins from EPA were not directly measured, their precursor 18-HEPE was significantly 
increased during resolution of TG-induced peritonitis. An in vitro source of SPM production 
has been attributed to M2-polarized and efferocytic macrophages (45). Moreover, eosinophils 
have also been described to produce SPMs such as PD1 and LXA4 during zymosan-induced 
peritonitis (3, 46). Since these two cell types are present in the cavity at the peak of SPM 
production in the TG model; they constitute potential sources of SPM during resolution. A 
substantial difference observed during TG-induced peritonitis resides in the constant 
production of RvD5 from onset to resolution that contrasts with the transient production of 
this SPM during microbial peritonitis (17, 47). In vitro, RvD5 is mainly synthesized by 
macrophages involved in efferocytosis (45). Although macrophage efferocytosis happens in 
resolving exudates in both peritonitis models, our results suggest that the nature of the 
inflammatory agent differentially regulates the production of RvD5. In E-coli induced 
peritonitis, RvD5 promotes bactericidal activity of neutrophils and macrophages and 
downregulates the expression of pro-inflammatory genes (17), functions that are essential for 
pathogen elimination. In the absence of any pathogen, as in the TG-peritonitis model, RvD5 
might limit the inflammatory response triggered by AGEs/RAGE interaction. Taken together, 
these findings underscore that processes of inflammation resolution are conserved between 
microbial and non-microbial inflammation models but also reveal differences in resolution 
magnitude and SPM production indicating that some steps of the resolution phase are shaped 
in a stimulus dependent manner. 
Until now, most studies on the acute and resolution phases of peritonitis have focused 
on the kinetics of leukocyte infiltration and clearance operating in the cavity. However, the 
omentum is the major route through which resident macrophages and inflammatory 
leukocytes migrate into the peritoneal cavity (48, 49). Here, using an immunohistochemical 
approach, we show that the omentum is the place of an inflammatory response with 
neutrophils as the first leukocytes infiltrating the tissue followed by mononuclear cells. Based 
on the kinetics of neutrophil infiltration and clearance, we measured for the first time indices 
of resolution in the omentum that may represent new quantitative parameters to assess the 
resolution of self-limited inflammation. The Tmax at 12h and a Ri of 20h indicate that 
infiltration and clearance of neutrophils happen with similar kinetics than those measured in 
the cavity, suggesting that similar regulatory processes of neutrophil recruitment and 
clearance may operate throughout the peritoneal space. Moreover, we show that 
monocyte/macrophages concomitantly infiltrated the omentum and the peritoneal cavity but 
were removed with different kinetics. They lasted in the cavity for ten days, whereas they 
persisted in the omentum for several weeks in both models of TG- and zymosan-induced 
peritonitis. These results indicate that macrophage persistence in the omentum is a general 
process of self-limited TG- and zymosan-induced peritonitis and that mechanisms that control 
their removal during the resolution phase differ between the peritoneal cavity and the 
omentum. These persistent macrophages do not originate from macrophages leaving the 
peritoneal cavity during the resolution phase of TG-peritonitis model (22). It is more likely 
that they originate from blood monocytes that are abundantly recruited to inflamed tissues 
(50). In both models of peritonitis, macrophage content increased in the liver and the spleen. 
In these tissues, during inflammation-induced neutrophilia, macrophages contribute to the 
clearance of neutrophils to restore circulating neutrophil homeostasis (51). Thus, the increase 
in the macrophage content in these two organs might play a role in blood neutrophil clearance 
during peritonitis. 
Strikingly, our study also reveals that macrophages which persist in the omentum after 
TG and zymosan peritonitis exhibit distinct polarization status. The shaping of 
monocyte/macrophage function is an essential component to control tissue damage and repair, 
and resistance to pathogens (10). In TG-induced peritonitis, macrophages express the marker 
of M2 polarization Arg-1 and are negative for iNOS, a marker of M1 polarization. M2 
polarized macrophages are induced by cytokines such as IL-4, IL-13, IL-10 and SPMs (e.g. 
RvD1 and 7-Mar1) to dampen inflammation and promote tissue remodeling (52-54). In the 
context of TG inflammation, IL-4 and IL-13 were not detected whereas IL-10 and SPMs were 
produced in the exudate suggesting that they might regulate macrophage polarization towards 
a M2 program in the omentum. However, whether factors produced in the peritoneal cavity 
have the capacity to influence the polarization of macrophages in the omentum is not known. 
It is more likely that local factors predominantly influence macrophages. In the omentum of 
TG-peritonitis, M2 macrophages accumulate with B lymphocytes which are an important 
source of IL-10, and certainly influence macrophages in several aspects (55). By contrast, in 
zymosan-induced peritonitis, persistent macrophages express both M1 and M2 markers. M1 
polarized macrophages are classically induced by microbial moieties and consequent 
secretion of IFN. Macrophages normally control the resolution of inflammation through a 
transition from a M1 to a M2 phenotype (56). It was thus unexpected to find iNOS positive 
macrophage in the omentum and the liver 3 weeks after zymosan injection suggesting that 
pro-inflammatory signals might persist in these tissues while signs of inflammation 
disappeared in the peritoneal cavity  within a few days (57). In this model, macrophages 
accumulate in the omentum and liver with T lymphocytes, a potential source of IFN, which 
could influence the polarization of macrophages toward a M1 phenotype. In addition to 
lymphocytes, adipocytes secrete soluble factors able to modulate macrophage phenotype and 
function in adipose tissues (6). Moreover, specific signals in the omentum are able to control 
the localization and phenotype of peritoneal resident macrophages in homeostatic conditions 
(49, 58). It would be interesting to identify the tissue-specific signals which control 
macrophage localization and phenotype in the omentum during inflammation.  
The presence of macrophages for several weeks in tissues surrounding the location of 
acute inflammation suggests that they might correspond to a long-term modification of the 
microenvironment which may ultimately modulate the host capability to manage subsequent 
injuries after an inflammation episode (15, 59). Actually, in addition to specific 
immunological memory mediated by memory T and B cells after exposure to pathogens, 
enhanced innate immune response has been reported, and called “trained immunity" or 
"innate education" (59-61). However the underlying mechanisms are still poorly understood. 
Among the mechanisms suggested to play a role in this process, inflammatory factors have 
been shown to induce changes in the number and phenotype of leukocytes subpopulations 
(62). Our hypothesis is that leukocyte persistence in tissues may be part of this memory of 
past insults. We believe that our observation, of differentially polarized tissue persistent 
macrophages depending on the inciting stimulus, paves the way to discover new bases of 
innate education, in particular to address how environmental cues may confer different non-
specific memories that condition subsequent protective or defective responses for days to 
months consecutive to a first injury episode. 
In conclusion, this is the first study compiling an in-depth analysis of inflammation 
from the onset to resolution at the cellular, molecular and tissular levels. Even though this 
work shows that distinct stimuli trigger similar processes of acute and resolution phases, there 
are intrinsic differences that clearly distinguish these two peritonitis models. Likewise, we 
also reveal a new component of the inflammatory response that takes place in tissues 
bordering the inflammatory site, which may contribute ultimately to the memory process of 
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Table 1: Antibodies used for flow cytometry analysis 
Antigen Clone Coupled with Supplier dilution 
CD3 17A2 PE/Cy7 BioLegend 1:200 
CD19 6D5 Pacific Blue BioLegend 1:200 
CD16/32 93  BioLegend 1:100 
CD11b M1/70 FITC BioLegend 1:300 
CD115 AFS98 APC BioLegend 1:200 
F4/80 BM8 APC/Cy7 BioLegend 1:200 
Siglec F E50-2440 PE BioLegend 1:100 
CCR3 83103 APC BD Biosciences 1:100 
Gr-1 RB6-8C5 PE BioLegend 1:300 
Ly6G 1A8 Pacific Blue BioLegend 1:200 
Annexin V  Pacific Blue BioLegend 1:20 
7AAD   BioLegend 1:100 
 
Table 2: Antibodies and applied protocols for immunohistological analyses. 
Antigen Clone  
Number 






AbD Serotec 1:400 1H HIER/ Citrate 
ph6/MO 




1:100 1H HIER/ Tris-
EDTA 
ph9/WB 
Ly6B.2  7/4 Rat 
mAb 
AbD Serotec 1:400 1H HIER/ Citrate 
ph6/WB 
F4/80 CI:A3-1 Rat 
mAb 






















mAb : monoclonal antibody. 
Ab: antibody 
HIER: Heat-induced epitope retrieval. 
MO : Boiling in microwave oven twice 10 minutes each. 
WB: Heating in water-bath at 95°C for 40 minutes. 
 
 
Table 3: Indices of resolution of the different leukocyte populations present in the exudate. 
Tmax corresponds to the time of maximum cell number (Ψmax) and the Resolution interval (Ri) 
to the time for cell number to decrease by 50% (Tmax-T50). K50 corresponds to the rate of cell 
clearance between Tmax and T50. 
 max Tmax T50 Ri K50 
Total cells 25x106 48h 120 72h 3.5x105/h 
Neutrophils 9x106 12h 34h 22h 2x105/h 
Eosinophils 7x106 48h 84h 36h 9x104/h 
Macrophages 107 72h 156h 84h 6x104/h 
 
Table 4: Cytokine and chemokine profiles measured by multiplex 4h after TG injection. Data 
are expressed as mean + SEM of 3 to 6 mice. ND: below the limit of detection. * P<0.05 
 PBS (ng/ml) TG (ng/ml) 
CYTOKINES MEAN sem MEAN SEM 
TNF ND  17,94 9,84 
IL-1b ND  27,14 10,92 
IFN ND  ND  
IL-6 14,59 14.59 6645* 2467 
IL-10 ND  42,00 38,15 
IL-4 ND  ND  
IL-13 ND  ND  
CHEMOKINES     
KC 13,93 12,96 2592* 1167 
eotaxin 19,45 7.76 791,7* 140,9 
Ip10 57,72 53,08 1792* 840,5 
MIP-2 30,57 30,57 829,2* 305,9 
MCP-1 18,18 18,18 2969* 1651 
MIP-1a ND  72,76 23,03 
MIP-1b 8,34 8,34 629,6* 288,9 
CCL5/RANTES 4,41 5,82 11,88 11,67 
 
 
FIGURE LEGENDS  
Figure 1. Dynamics of leukocyte populations during peritonitis induced by thioglycollate 
(TG). Peritoneal exudates were collected at indicated time points. Total cells were 
enumerated by light microscopy and cell leukocyte populations identified by flow cytometry. 
(A) Representative flow cytometry analysis illustrating the cell populations observed in the 
peritoneal cavity over a period of 10 days following i.p administration of TG. 
Monocytes/macrophages were characterized by the positive expression of CD115 (CD115pos), 
neutrophils are Gr-1 positive and CD115 negative (Gr-1pos; CD115neg). (B) Quantification of 
total cells, neutrophils, eosinophils and monocytes/macrophages in peritoneal exudates. (C) 
Indices of resolution were defined as described in (4), briefly Tmax corresponds to the time of 
maximum neutrophil number (Ψmax) and the Resolution interval (Ri) to the time for 
neutrophils to be cleared by 50% (Tmax-T50). (D) left: Flow cytometry analysis of B 
lymphocytes (CD11bneg; CD19pos) and T lymphocytes (CD11bneg; CD3pos). Right: 
Quantification of B and T lymphocytes in peritoneal exudates. (E) Left: In vivo neutrophil 
apoptosis was assessed by flow cytometry analysis using Annexin-V and Gr-1 stainings on 
the 7AADneg population. Right: The number of apoptotic (7AADneg; Gr-1pos; Annexin-Vpos 
(black)) or living (7AADneg; Gr-1pos; Annexin-Vneg (white)) neutrophils was graphed. (F) Left: 
In vivo efferocytosis was analyzed by Ly6G and F4/80 staining, without (control) or with 
permeabilization. Right: The percentage of macrophages with ingested neutrophils (F4/80pos; 
Ly6Gpos) was quantified by subtracting the control value. Data shown are the mean ± s.e.m 
(n>10 mice per group)  
 
Figure 2. Kinetics of polyunsaturated fatty acid metabolites during TG-induced 
peritonitis. Exudates were collected at different time points after TG injection and 
metabolites derived from arachidonic acid (AA) precursors (A-B) or docosahexaenoic acid 
(DHA) precursors (C-D) were quantified by liquid chromatography-tandem mass 
spectrometry (see Supplemental table 1 for values obtained with PBS-injected control mice 
and statistical analyses).  Data shown are the mean ± s.e.m of n=6 mice per group. 
  
Figure 3. Kinetics of neutrophil and macrophage infiltrations in the omentum during 
TG-induced peritonitis. The omentum was harvested at different time points after TG 
injection and immunostained for neutrophils (Ly6B-2) and monocyte/macrophages (F4/80) 
which were quantified in A and B. The results are presented as box and whisker plots showing 
median (red line) and percentiles Min. to Max. of at least 10 independent fields from n = 2 
animals per time point. Representative histological images of neutrophils (C) and 
monocyte/macrophages (D) in the omentum, inset scale bars = 10µm. (E) Indices of 
resolution calculated in the omentum.  
 
Figure 4. Dynamics of B and T lymphocytes in the omentum during inflammation. 
Quantification of CD3 positive T lymphocytes (A) and B220-positive B lymphocytes (B), the 
results are presented as box and whisker plots showing median (red line) and percentiles Min. 
to Max. of at least 10 independent fields from n = 2 animals per time point. Representative 
images of T lymphocytes (C) and B lymphocytes (D) in the omentum, inset scale bars = 
10µm. 
 
Figure 5. Kinetics of macrophages clearance from the omentum. 
(A) immunohistochemistry of macrophages (F4/80 antibody) performed at 10 days, 3, 6 and 
15 weeks after TG injection. From 6 to 15 weeks, some multinucleated giant cells were 
observed in the omentum (white arrows), inset scale bar = 10µm. (B) Quantification of the 
F4/80 positive areas in peritoneal tissue. The results are presented as box and whisker plots 
showing median (red line) and percentiles Min. to Max. of at least 10 independent fields from 
n = 2 animals per time points.  
 
Figure 6. Differential polarization of macrophages in the omentum after TG- vs 
zymosan (Z.)-induced peritonitis. Quantification of the number of F4/80 positive (A), 
iNOS-positive (a M1 marker; B) and Arg1-positive (a M2 marker; C) cells in the omentum 3 
days and 3 weeks after TG or zymosan injection. Quantifications are presented as box and 
whisker plots showing median (red line) and percentiles Min. to Max. of at least 10 
independent fields from n = 3 to 4 mice per condition. * P<0.05. Immunohistochemistry 
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Supplemental Figure 1: Profiles of lipid mediators and biosynthetic pathways markers from (A) AA,  
(B) EPA and (C) DHA. (D) eicosanoid and SPM profiles. Results are expressed as mean per mouse 
exudate (n=6). (E) Representative images of immunohistological staining of neutrophils (using the 
Ly6B-2) in the omentum, liver, spleen and pancreas from naive mice and 4h after TG injection. Neutro-































































Supplemental Figure 2: Kinetics of B lymphocyte 
clearance from the omentum. (A) immunohisto-
chemistry of B lymphocytes (B220 antibody) 
performed at 10 days, 3, 6 and 15 weeks after TG 
injection. (B) Quantification of the B cells in the 
omentum. The results are presented as box and 
whisker plots showing median (red line) and Min. 
to Max. of at least 10 independent fields per mice 
(n=2 animals per time points). *p>0.05, **p>0.01, 
ns= no statistically different (compared to naive 
















































































Supplemental Figure 3: Quantification of the B lymphocytes (A), T lymphocytes (B) in the omentum, macrophages 
in the spleen (C) and the liver (D) of TG or zymosan (Z)-injected mice 3 days and 3 weeks post-injection. The results 
are presented as box and whisker plots showing median (red line) and Min. to Max. of at least 10 independent fields 
per mice (n=3 mice per time points). (D) Quantification of iNOS positive cells in the liver 3 weeks after TG or Z. 

































































































Supplemental Table 1: Identification and quantification of AA, EPA and DHA products in peritoneal exudates collected from TG-injected mice
Compounds (ng/exudate) Naive
PBS TG PBS TG PBS TG PBS TG
5-HETE 1,21±0,74 1,26±0,65 47,89±14,79 6,6±2,82 43,22±8,65* 4,38±2,5 49,22±3,31 *** 0,83±0,56 92,50±15,85**
12-HETE 52,59±12,64 18,63±2,89 17,50±3,50 25,06±11,81 71,05±16,57 37,60±5,65 98,75±3,5*** 47,56±1,3 125,57±10,95**
15-HETE 3,75±1,18 1,22±0,13 2,61±0,76 2,27±1,08 9,02±2,63 3,61±0,68 9,91±0,90** 3,81±1,10 20,28±3,21*
19-HETE 0,01±0,01 0,03±0,01 0,32±0,09 0,03±0,02 0,11±0,02* 0,00±0,00 0,12±0,02* 0,00±0,00 0,25±0,02 ***
20-HETE 0,01±0,00 0,01±0,01 0,04±0,01* 0,00±0,00 0,05±0,01* 0,00±0,00 0,04±0,00** 0,00±0,00 0,08±0,01 **
8-HETE 1,39±0,53 0,57±0,05 0,66±0,13 1,04±0,44 2,62±0,49 1,35±0,28 3,72±0,21*** 1,10±0,24 5,15±0,41 ***
11-HETE 0,90±0,29 0,27±0,01 0,75±0,19 0,33±0,12 1,60±0,31* 0,71±0,22 9,71±0,77*** 0,39±0,05 2,88±0,59 *
5-O-ETE 0,31±0,25 0,06±0,04 0,82±0,24 0,14±0,07 1,77±0,20*** 0,09±0,04 1,91±0,30** 0,00±0,00 1,84±0,28 **
5,15-DiHETE 1,66±0,81 0,65±0,14 1,27±0,29 1,21±0,45 7,78±2,50 1,18±0,34 6,81±0,98** 2,20±0,26 9,78±1,52 *
6k-PGF1a 4.05±2.73 0.53±0.21 2.19±0.1*** 1.01±0.27 2.39±0.72 0.6±0.08 9.24±0.84*** 1.7±0.84 4.96±1.03
TxB2 0.37±0.29 0.06±0.03 0.82±0.22* 0.3±0.12 2.8±0.96 0.15±0.09 8.42±0.79*** 0.13±0.07 4.27±0.84 *
PGE2 0,39±0,06 0,57±0,14 0,59±0,14 0,21±0,07 1,31±0,32* 0,63±0,05 0,78±0,06 0,64±0,14 0,67±0,13
PGD2 0,31±0,05 0,42±0,11 0,32±0,08 0,13±0,06 0,70±0,16* 0,44±0,03 0,73±0,07* 0,53±0,18 0,43±0,05
LTB4 0,09±0,02 0,02±0,00 0,82±0,23* 0,18±0,06 1,40±0,31* 0,08±0,02 0,93±0,08*** 0,07±0,01 0,87±0,19 *
LXA4 0,25±0,04 0,29±0,03 0,29±0,07 0,13±0,07 0,66±0,28* 0,34±0,03 1,24±0,18*** 0,34±0,08 0,41±0,16
LXB4 0,92±0,19 0,36±0,11 0,41±0,07 0,42±0,20 1,10±0,28 0,38±0,06 3,43±0,18*** 0,56±0,14 0,98±0,16
4-HDoHE 0,00±0,00 0,02±0,00 0,82±0,24* 0,09±0,04 0,33±0,08 0,07±0,03 1,11±0,10*** 0,01±0,00 0,71±0,20
7-HDoHE 0,00±0.00 0,13±0.06 10,09±2.98* 0,97±0.57 4,10±0.91 0,41±0.2 7,30±0.58*** 0,02±0.01 5,37±0.91**
11-HDoHE 0,22±0.07 0,14±0.03 1,23±0.35 0,21±0.02 0,91±0.17* 0,32±0.12 2,97±0.21*** 0,13±0.03 2,01±0.19***
13-HDoHE 0,57±0.2 0,35±0.05 1,10±0.36 0,37±0.14 1,53±0.34 0,63±0.11 2,56±0.19*** 0,35±0.08 2,84±0.32**
14-HDoHE 36,98±9.98 15,47±2.72 27,25±7.39 19,10±8.29 65,09±15.45 26,30±4.03 88,04±7.22*** 25,50±3.09 127,18±10.63***
17-HDoHE 15,67±6.4 8,34±0.78 20,46±6.46 10,10±4.02 56,00±16.78 15,13±2.69 68,01±6.8** 10,45±4.41 130,25±15.26**
RvD1 0,05±0.01 0,05±0.01 0,07±0.02 0,04±0.02 0,13±0.03 0,06±0.01 0,43±0.01*** 0,07±0.01 0,11±0.01
RvD2 0,86±0.14 0,63±0.17 0,96±0.2 0,62±0.29 1,73±0.4 0,93±0.14 7,61±0.59*** 0,98±0.19 2,03±0.23**
RvD5 0,1±0.08 0,11±0.04 0,36±0.23* 0,15±0,08 1,03±0,08 0,13±0,07 0,96±0,3** 0,18±0,02 1,18±0,47*
PDx 1,66±0.24 0,83±0.19 1,48±0.36 1,01±0.54 3.52±1.17 1,38±0.25 13.68±0.69*** 1,15±0.08 4.61±0.57**
PD1 0,94±0.49 0,47±0.22 0,38±0.2 0,35±0.3 1,4±1,02* 0,45±0.14 4,23±0.7* 0,45±0.007 2,13±0.67*
7 -Maresin1 0.12±0.02 0.08±0.02 0.07±0.01 0.03±0.01 0.11±0.03 0.06±0.02 0.75±0.12** 0.07±0.02 0.16±0.03
EPA-derived SPM and pathway markers
5-HEPE 0,04±0,02 0,16±0,10 9,67±2,97 0,63±0,3 3,45±0,73* 0,39±0,2 3,27±0,36** 0,02±0,01 3,20±0,53**
8-HEPE 1,35±0,46 0,54±0,08 0,69±0,11 1,00±0,42 2,59±0,41* 1,42±0,31 3,56±0,22*** 1,05±0,26 5,06±0,37***
11-HEPE 0,08±0,02 0,04±0,008 0,17±0,05 0,05±0,03 0,15±0,03 0,06±0,01 0,09±0,01 0,06±0,02 0,21±0,02**
12-HEPE 2,22±0,63 0,81±0,21 1,44±0,33 0,99±0,46 3,39±0,94 1,05±0,16 2,27±0,27* 1,48±0,20 4,29±0,49**
15-HEPE 2,25±0,72 0,86±0,13 2,61±0,83 1,21±0,59 4,03±1,12 1,20±0,18 1,79±0,23 1,85±0,72 5,90±0,75*
18-HEPE 0,02±0,01 0,02±0,01 0,24±0,07 0,01±0,01 0,05±0,01 0,02±0,01 0,17±0,02** 0,005±0,01 0,10±0,005***
DHA-derived SPM and pathway markers
120h




C. Article 3 : L’activation contrôlée par STAT3 des 
monocytes/macrophages vers un profil M2 favorise la persistante de M. 
tuberculosis.  
 
 Au cours d’une réponse inflammatoire, la transition des macrophages d’un profil M1 
vers un profil M2 est essentielle pour limiter les dommages tissulaires et pour promouvoir les 
processus résolutifs. Généralement, un défaut de cette transition entraine une perte de la 
tolérance et le développement d’immuno-pathologies (Benoit et al., 2008). Néanmoins, dans 
certains contextes pathogéniques, l’accumulation de macrophages M2 peut aussi être associée 
à l’évolution de la pathologie vers un état chronique (Benoit et al., 2008). La fine régulation de la 
polarisation des macrophages au cours d’un processus inflammatoire est donc une étape 
fondamentale pour assurer une réponse immunitaire protectrice pour l’hôte.  
M. tuberculosis, est un pathogène capable de contrôler le recrutement et la polarisation des 
macrophages afin d’assurer sa survie (Lugo-Villarino et al., 2011). Cependant, les mécanismes à 
l’origine de ces évènements restent mal compris, en particulier chez l'homme.  
AU cours d’une inflammation induite par M. tuberculosis, le compartiment monocytaire est 
perturbé (Balboa et al., 2011), suggérant que des facteurs sécrétés au cours de l’infection 
modulent le phénotype et par conséquence la fonction de ces cellules. Néanmoins, la 
contribution potentielle des monocytes/macrophages dans la tuberculose n’a jamais été 
évaluée. Dans cet objectif, nous avons dans un premier temps étudié la réponse phénotypique 
et fonctionnelle des monocytes cultivés en présence de surnageant de macrophages infectés 
par M. tuberculosis, afin de mimer le microenvironnement infectieux. Nos résultats indiquent 
que les facteurs sécrétés par les macrophages infectés orientent les monocytes vers un profil 
M2c (CD16+CD163+MerTK+), caractérisés au niveau fonctionnel, par une augmentation de la 
motilité, un défaut à contrôler la croissance bactérienne et des propriétés immunosuppressives. 
Nous avons également identifié STAT3, le facteur moléculaire responsable de ces évènements. 
De façon intéressante, nos données indiquent que les monocytes issus de patients tuberculeux 
possèdent également des propriétés immunosuppressives et que des macrophages M2c 
(CD16+CD163+MerTK+) sont retrouvés dans les épanchements pleuraux de patients atteint de 
98 
 
pleurésie tuberculeuse. Enfin, dans les poumons de macaques infectés par M. tuberculosis, nous 
avons mis en évidence des corrélations entre l’accumulation de macrophages M2c (avec STAT3 
activé), la charge bactérienne et la sévérité de la pathologie. Ces résultats suggèrent que la 
présence de monocytes/macrophages M2c favorise la persistance et la survie de M. 
tuberculosis dans l’organisme.  
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SUMMARY 
During Mycobacterium tuberculosis (Mtb) infection, there is a switch in macrophages 
from a pro- to anti-inflammatory program that, while it prevents tissue damage in the 
host, promotes bacterial fitness. The mechanisms responsible for this switch favoring 
Mtb resilience remain poorly studied, particularly in humans. Here, we report that 
STAT3 drives the Mtb-derived bystander monocyte differentiation towards the 
CD16+CD163+MerTK+ M2c macrophage activation program characterized by 
enhanced protease-dependent motility and permissivity to mycobacteria. Moreover, 
this program exhibits a STAT3-dependent immunosuppressive capacity that 
recapitulates in monocytes from tuberculosis patients. Noticeably, M2c macrophages 
are present in tuberculous pleural effusions, and their abundance (with activated 
STAT3) in lung granulomas from Mtb-infected macaques correlates with severity of 
the pulmonary pathology. Collectively, our findings argue that STAT3 predisposes 
monocyte differentiation towards a macrophage phenotype that favors mycobacterial 
resilience, and the short-term modulation of STAT3 during the differentiation of M2c 





1/ STAT3 drives monocytes toward a pathogen-permissive M2c program during Mtb-
infection 
 
2/ Protease-dependent motility is a novel STAT3-dependent feature in the M2c cells 
 
3/ Immunosuppression dictated by M2c program recapitulates in monocytes from TB 
patients 
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INTRODUCTION 
Macrophages are essential for immunological resistance against pathogens and 
homeostatic functions such as tissue remodeling, regulation of metabolism, 
establishment of symbiotic liaisons with microbiota and control of the inflammation 
process. They perform these roles according to their high degree of phenotypic and 
functional plasticity in response to environmental clues within tissues (Martinez and 
Gordon, 2014). In the context of bacterial infection, type-1 immune response 
cytokines (e.g. interferon (IFN) ) are generally responsible for the establishment of 
the pro-inflammatory (M1) activation programs characterized by a highly microbicidal 
intracellular environment. While M1 macrophages are predominant early on at the 
site of infection, there is a frequent switch in the macrophage population towards a 
spectrum of M2 activation programs that are driven by type-2 immune response 
signals and are associated with transition from inflammation to healing (Benoit et al., 
2008; Lugo-Villarino et al., 2011; Martinez and Gordon, 2014). Among these 
programs, M2c macrophage activation is established by anti-inflammatory signals, 
such as IL-10 (interleukin 10), TGF- (transforming growth factor ) and 
glucocorticoids, and promotes tolerance mechanisms (Mantovani et al., 2004). From 
a physiological perspective, the shift towards M2c macrophages is essential to limit 
tissue damage following pathogenic insult, and to promote the resolution of 
inflammation and tissue repair (Benoit et al., 2008; Mantovani et al., 2004; Martinez 
and Gordon, 2014). In general, failure to switch from the M1 macrophage population 
towards M2 activation programs results in loss of tolerance and development of 
immunopathology (Benoit et al., 2008). Interestingly, while several bacterial infectious 
contexts are associated with the inhibition of M1 macrophage activation, which 
decreases microbial clearance and augments susceptibility to infection (Benoit et al., 
(IMMUNITY-D-14-00519) 
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2008), there are other contexts where bacteria induce an excessive M2 macrophage 
activation that foments the chronic evolution of infectious disease (Benoit et al., 2008; 
Lugo-Villarino et al., 2011). Therefore, to maintain the balance ensuring pathogen 
control and protecting tissue integrity, the process of macrophage activation must 
undergo tight regulation. 
Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis (TB), is a 
successful intracellular pathogen that promotes its own survival by manipulating 
macrophage activation (Benoit et al., 2008; Lugo-Villarino et al., 2011). During a 
direct interaction with macrophages, not only Mtb inhibits microbicidal and pro-
inflammatory functions in M1 macrophages, but also induces signaling pathways to 
establish M2-associated activation programs (Benoit et al., 2008; Lugo-Villarino et al., 
2011). Indirectly, Mtb also takes advantage of environmental signals within tissues to 
alter macrophage activation in the host (Skold and Behar, 2008). For instance, a 
study in zebrafish indicates that Mycobacterium marinum, by masking its pathogen-
associated molecular pattern ligands, avoids the activation of Toll-like receptor-
dependent pro-inflammatory environment and the potential recruitment of M1-like 
macrophages (Cambier et al., 2014). Instead, M. marinum enhances its fitness in the 
host by modulating environmental signals to recruit permissive macrophages to the 
site of infection in a CCR2 (C-C chemokine receptor type-2)-dependent manner. This 
finding expands pioneering work describing the ability of mycobacteria to influence 
the crosstalk between tissue resident cells to recruit macrophages and dictate the 
granuloma formation and function in zebrafish (Ramakrishnan, 2012). Likewise, it 
supports observations in the murine model in which modulation of the lung 
environment foments Mtb persistence mainly though the recruitment of CCR2+ 
macrophages exhibiting a pathogen-permissive M2-like phenotype (Antonelli et al., 
(IMMUNITY-D-14-00519) 
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2010). Collectively, these observations suggest that while Mtb alters the macrophage 
intracellular landscape in its favor, it also shapes the extracellular environment to 
potentially influence the differentiation of recruited monocytes and promote the 
establishment of pathogen-permissive activation programs in the macrophage 
population. 
Within the context of TB, one aspect that remains poorly studied is the monocyte 
contribution to the process of macrophage activation during ongoing Mtb-infection. In 
particular, while there are important clues coming from the zebrafish and mouse 
models, the human context remains virtually unexplored in TB. This is an important 
issue because not only is the human monocyte compartment perturbed in TB 
patients, as illustrated by exacerbated abundance of the CD16+ subset (Balboa et al., 
2011), but also human monocytes are refractory to efficient dendritic cell (DC) 
differentiation within the context of Mtb infection (Balboa et al., 2013; Remoli et al., 
2011). Considering TB susceptibility parallels with elevated levels of anti-
inflammatory signals (Lugo-Villarino et al., 2011), it is possible that in response to an 
Mtb-derived environment, human monocyte differentiation contributes to the 
establishment of a M2 programs of macrophage activation and thus tipping the 
scales between health and disease in the host. 
In an attempt to mimic the indirect effect mediated by an ongoing Mtb infection and to 
investigate whether it alters monocyte to macrophage lineage (referred here as 
monocyte-macrophage), we assessed the phenotypic and functional responses of 
human monocytes upon exposure to the secretome of Mtb-infected macrophages. 
Collectively, our findings identify the STAT3 (Signal Transducer and Activator of 
Transcription 3) as the molecular component responsible for the predisposition of 
monocytes to differentiate towards pathogen-permissive M2c macrophages that are 
(IMMUNITY-D-14-00519) 
Lastrucci C., et al. 
 
highly motile and immunosuppressive. This study supports the concept that 
molecular pathways involved in disease tolerance, such as STAT3-dependent 
signaling (Lang, 2005), may become overactive during mycobacterial infections, and, 
ultimately, result detrimental to the host. 
 
RESULTS 
The secretome of Mtb-infected macrophages favors the differentiation of human 
monocytes towards an Mtb-permissive M2c macrophage activation program. 
Mtb-infection is known to significantly alter monocyte differentiation upon recruitment 
to pulmonary tissue in mice, alluding to a bystander effect derived from infected 
resident cells (Skold and Behar, 2008). In light that the secretome of Mtb-infected 
macrophages inhibits human monocyte differentiation towards DC program (Remoli 
et al., 2011), we investigated whether it also alters monocyte to macrophage 
differentiation. To this aim, we devised an in vitro model system whereby CD14+ 
monocytes are differentiated towards a macrophage program (M-CSF-driven) in the 
presence of conditioned media from Mtb-infected macrophages (cmMTB). After three 
days, we assessed the macrophage activation program by flow cytometry and 
compared the conditioning effect of cmMTB to the culture medium from uninfected 
macrophages (cmCTR). As depicted in figure 1A-B, monocyte-macrophages 
conditioned with cmMTB displayed equivalent expression of M1 polarization markers, 
with the exception of HLA-DR, which was significantly reduced compared to cells 
differentiated in the presence of cmCTR. Strikingly, differentiation in the presence of 
cmMTB induced a significantly higher expression of MerTK, CD163 and CD16 
(Figure 1A-B), all being typical markers of the M2c macrophage program (Zizzo et al., 
2012). Similarly, the expression of CCR2, CCR5 and CX3CR1 chemokine receptors 
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was higher in the presence of cmMTB, supporting the acquisition of the M2c program 
(Figure S1) (Mantovani et al., 2004). Since M2 macrophages are associated to 
pathogen-permissivity (Benoit et al., 2008), we tested the ability of Mtb to grow in 
monocyte-macrophages conditioned either with cmMTB or cmCTR. After 4 hr of 
infection, colony-forming unit (CFU) scoring revealed that there was no difference in 
the bacterial loads present in cmCTR- and cmMTB-treated cells, suggesting that 
soluble factors present in cmMTB do not affect the recognition and intake of the 
bacilli. At day 5 after infection, however, cmMTB-treated cells were significantly more 
permissive to Mtb growth than their counterparts treated with cmCTR (Figure 1C). 
Taken together, our results indicate that Mtb-infected macrophages produce soluble 
factors that favor the differentiation of monocytes to M2c macrophages, which are 
more permissive to Mtb infection. 
 
Protease-dependent migration is a novel feature of the M2c activation program 
induced by the secretome of Mtb-infected macrophages.  
Studies performed in the zebrafish model showed that mycobacterial pathogenesis 
was contributed by the recruitment of highly motile and permissive macrophages in a 
manner that depended on MMP (matrix metalloproteases) (Cambier et al., 2014; 
Ramakrishnan, 2012). Based on this observation, we investigated whether cmMTB 
influences the migration capacity of human monocytes in different 3D environments, 
which bear close resemblance to tissues (Van Goethem et al., 2010). To evaluate the 
potential requirement of protease activity, the migration of monocytes was first 
analyzed in dense Matrigel as compared to that in porous fibrillar collagen I matrices. 
Monocytes readily infiltrated the porous fibrillar collagen I matrix regardless of the 
provided chemoattractant, cmMTB or cmCTR (Figure 2A). Noticeably, while few cells 
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infiltrated Matrigel under the control condition, cmMTB triggered the migration of 
monocyte-macrophages into this matrix and increased the distance away from 
surface layer (Figure 2B). Similar results were obtained using dense gelled collagen 
I, strengthening the use of protease-activity by cmMTB-conditioned cells (Figure 
S2A). We showed in the past that macrophage 3D migration in dense matrices 
depends on both protease activity and the tyrosine kinase Hck, but not on the ROCK 
kinase pathway (Troegeler et al., 2014; Van Goethem et al., 2010). In line with these 
previous findings, both a cocktail of protease inhibitors (Pimix) and a broad-spectrum 
MMP inhibitor abrogated the cmMTB-enhanced migration of monocytes into Matrigel 
(Figure 2C). Moreover, this process was also partially inhibited by siRNA-mediated 
silencing of Hck in these cells (Figure S2B). As expected, the use of a ROCK kinase 
inhibitor (Y27632) had no effect on the cmMTB-enhanced motility (Figure 2C). 
Further strengthening the role of MMP in the monocyte-macrophage migration, 
scanning electron microscopy observations revealed that in response to cmMTB, 
monocytes profoundly remodeled the matrix compared to those treated with the MMP 
inhibitor or cmCTR (Figure 2D). Interestingly, while MMP1 and MMP9 activities were 
increased in the culture medium of cmMTB-treated monocyte-macrophages (Figure 
2E), that of MMP2 was unchanged (Figure S2C), alluding to a selective use of MMPs 
in cmMTB-enhanced motility.  
In contrast to the role found for CCL2-dependent recruitment of CCR2+ macrophages 
in the mycobacterial pathogenesis reported in zebrafish and mouse models (Antonelli 
et al., 2010; Ramakrishnan, 2012), we found that migration mainly rests on 
chemoattraction mediated by CCL5 and not by CCL2 or CCL4 (Figure S2D). Despite 
the fact that cmMTB-conditioned monocyte-macrophages expressed CCR2 and 
CCR5 chemokine receptors (Figure S1), the depletion of their ligands (CCL2 and 
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CCL4/CCL5, respectively) from cmMTB did not significantly alter their migration 
properties (Figure S2E). Based on the fact that the polarization status of 
macrophages modulates their 3D migration capacities (Cougoule et al., 2012), we 
hypothesized the enhanced motility of cmMTB-treated cells might result from the M2c 
activation program acquisition. To explore this possibility, we first conditioned 
monocytes with the different media, and then tested their migration capacity in 
Matrigel. Compared to cmCTR-treated cells, the cmMTB-conditioned monocyte-
macrophages efficiently infiltrated and remodeled Matrigel, indicating that M2c 
activation phenotype is sufficient for protease-dependent migration (Figure 2F-G). 
Collectively, our analysis shows for the first time that the secretome of Mtb-infected 
macrophages endows monocyte-macrophages MMP-dependent motility to penetrate 
and remodel dense tissue environments.  
 
The secretome of Mtb-infected macrophages confers immunosuppressive properties 
to M2c monocyte-macrophages. 
M2c macrophages are known as deactivators of the immune response (Mantovani et 
al., 2004). Among the features that distinguish the M2c phenotype is the low 
production of inflammatory cytokines (e.g. TNFα, IL-12) contrasting with high 
expression of anti-inflammatory mediators (e.g. IL-10 and TGFβ) (Mantovani et al., 
2004). We first assessed the ability of cmMTB-conditioned cells to engage production 
of inflammatory signals in response to killed Mtb, in order to avoid the well described 
suppressive effects using live Mtb (Lugo-Villarino et al., 2011). Our results indicate 
that cmMTB-conditioned cells express less pro-inflammatory genes, such as Tnf 
(Figure 3A), Il-12a (p35 subunit) and Ccl1 (Figure S3), upon stimulation compared to 
those treated with cmCTR. Yet, challenge with killed Mtb resulted in a decreased 
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expression of the anti-inflammatory genes (i.e. Il-10, Tgf) in all cells, with a modestly 
lower level of Il-10 gene expression in cmMTB-conditioned monocyte-macrophages 
(Figure 3A, Figure S3). At the protein level, stimulation with killed Mtb induced less 
TNF secretion in cmMTB-conditioned cells than in those treated with cmCTR; no 
significant change was observed in IL-10 between the two conditions (Figure 3B). 
Another feature that distinguishes the M2c phenotype is the poor ability to activate T 
cells (Mantovani et al., 2004). To evaluate this feature, we first examined the PD-L1 
(programmed death ligand 1) expression relative to that of CD86 since an increased 
PD-L1/CD86 ratio in monocyte-macrophages is reported to inhibit T cell proliferation 
and IFN production (Freeman et al., 2000). Noticeably, we found that the PD-
L1/CD86 ratio was highly elevated in cmMTB-conditioned monocyte-macrophages 
compared to cmCTR treatment (Figure 3C-D). Stimulation with killed Mtb did not 
change this disbalance ratio in cmMTB-conditioned cells (Figure 3C-D). Next, we 
measured the capacity of cmMTB-conditioned cells to activate T cells, using 
allogeneic peripheral blood lymphocytes, previously labeled with CFSE 
(carboxyfluorescein succinimidyl ester). After six days, T cell proliferation was 
measured as the dilution of CFSE staining detected by flow cytometry, and IFN 
secretion levels by ELISA. Importantly, the cmMTB-conditioned monocyte-
macrophages displayed a significantly lower capacity to stimulate T cell proliferation 
and IFN production in comparison to cmCTR-treated cells (Figure 3E-F). Altogether, 
these data demonstrate that in spite of the lack of a robust anti-inflammatory factor 
production, cmMtb-conditioned M2c monocyte-macrophages still possess 
immunosuppressive properties that could foment microbial persistence. 
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IL-10 is the soluble factor within the secretome of Mtb-infected macrophages 
responsible for the effect on the human monocyte differentiation. 
Since IL-10 is known to drive the M2c program of macrophage polarization 
(Mantovani et al., 2004), we investigated whether human recombinant IL-10 (recIL-
10) recapitulated the effect of the cmMTB. After incubation of monocytes with recIL-
10, the expression of the M2c markers was upregulated, whereas that of HLA-DR 
was reduced (figure S4A). In addition, recIL-10-treated cells infiltrated and 
remodelled the Matrigel (figure S4B-C), showing that IL-10 induced similar effects as 
the cmMTB does on human monocytes. As proof-of-principle, when IL-10 was 
depleted from cmMTB using blocking antibodies (Figure S5A), we found that both the 
M2c differentiation program (Figure 4A-B) and protease-dependent migratory 
capacity (Figure 4C) were significantly impaired. Taken together, these results 
identify IL-10 as the main soluble factor present in the secretome of Mtb-infected 
macrophages responsible for the establishment of the M2c activation phenotype in 
differentiating monocytes. 
 
STAT3 controls the phenotype and function of the M2c program established by the 
secretome of Mtb-infected macrophages. 
The binding of IL-10 to its receptor leads to the subsequent activation of STAT3, 
whose role is essential for all known functions of IL-10 (Lang, 2005). As shown in 
figure 5A, exposure of monocytes to cmMTB resulted in STAT3 phosphorylation on 
tyrosine 705, reflecting its activation status. This activation was dependent on the 
presence of IL-10 since incubation of monocytes with IL-10-depleted cmMTB failed to 
trigger significant phosphorylation of STAT3 (Figure 5A). Next, we assessed whether 
STAT3 was crucial for the conditioning effect of cmMTB on monocytes, using either a 
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siRNA-mediated gene silencing method or pharmacological inhibition of STAT3 
activation with cucurbitacin I, which inhibits JAK2 (Janus kinase 2)-dependent 
phosphorylation of STAT3. Both approaches enabled a nearly complete inhibition of 
STAT3 expression or phosphorylation in human monocytes (Figure S5B-C). 
Strikingly, the inhibition of STAT3 in cmMTB-treated monocyte-macrophages fully 
reversed the acquisition of the M2c phenotype (Figure 5B and Figure S5D-E), 
enhanced protease-dependent migration (Figure 5C), pathogen-permissivity (Figure 
5D), unbalanced PD-L1/CD86 ratio (albeit in partial manner) (Figure 5E-F), and 
reduced capacity to activate allogeneic T cells and IFN production (Figure 5G-H). 
Therefore, these results demonstrate that STAT3 is essential for the establishment of 
the M2c program in uninfected human monocytes exposed to the secretome of Mtb-
infected macrophages. 
 
M2c monocyte-macrophages are present in TB patients. 
Since the expansion of peripheral CD16+ monocytes correlates with disease severity 
of TB patients (Balboa et al., 2011), and that CD16 is a hallmark marker of the M2c 
macrophage program along with CD163 and MerTK (Zizzo et al., 2012), we 
investigated whether the imbalance of circulating monocyte subsets could be 
associated with predisposition to the M2c program in TB patients. To address this 
question, we collected peripheral blood from healthy subjects (PB-HS) and TB 
patients (PB-TB), and pleural effusion fluid from TB patients (PE-TB), in order to 
analyze the expression of M2c markers within the CD14+ monocyte-macrophage. We 
confirmed a higher CD16 expression, along with overall percentage of CD16+ cells, in 
both PB-TB and PE-TB cells compared to PB-HS (Figure 6A-B). Noticeably, the 
expression of both CD163 and MerTK was only enhanced in PE-TB (Figure 6A), and 
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most prominently, within the CD16+ monocyte subset (Figure 6C). Taking into 
account that M2c monocyte-macrophages are found in the TB pleural cavity, we 
assessed whether pleural effusion activates STAT3-dependent signaling and motility. 
For these experiments, we used malignant pleural fluid (MPE) as a positive control 
since it is well known to activate STAT3. As illustrated in figure 6D, the 
phosphorylation of STAT3 was strongly induced in freshly isolated monocytes upon 
treatment with PE-TB or MPE. In light that STAT3 regulates the enhanced migration 
capacity in M2c monocyte-macrophages, we analyzed whether the inflammatory 
context of TB pleurisy can also enhance the protease-dependent migration capacity 
of monocyte-macrophages. In fact, these cells displayed a greater capacity to 
infiltrate Matrigel when PE-TB and MPE were used as chemoattractants (Figure 6E). 
As immunosupression distinguishes the M2c activation program generated with 
cmMTB, we also sought to examine this property in monocyte-macrophages obtained 
from TB patients. Considering the intrinsic difficulties to obtain and work with PE 
samples from TB patients, and the poor recovery of monocyte-macrophages limiting 
their use for functional assays, we decided to use circulating monocytes from TB 
patients. As shown in figure 6F, monocytes from PB-TB displayed an elevated PD-
L1/CD86 ratio compared to those from PB-HS upon stimulation with killed Mtb. In 
addition, PB-TB monocytes exhibited a lower ability to induce the proliferation and 
the production of IFN in allogeneic T cells compared to PB-HS monocytes (Figure 
6G-H). Collectively, these findings show that 1) differentiation of monocytes toward 
an M2c macrophage program prevails in PE-TB, 2) monocytes conditioned with PE-
TB display an enhanced STAT3 phosphorylation and migration capacity, and 3) 
monocytes from PB-TB exert an immunosuppressive activity 
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The abundance of M2c monocyte-macrophages correlates with pathology severity in 
both human and nonhuman primate contexts of mycobacterial infections. 
Taking into account that the M2c monocyte-macrophage is found in the tuberculous 
pleural space in patients, we further investigated whether M2c macrophages are 
present in the context of mycobacterial chronic infection. To accomplish this, we 
performed histological examination of Mtb-infected lung samples from non-human 
primates (NHP). The NHP tissue samples were derived from BCG (Bacillus 
Calmette–Guérin)-vaccinated and unvaccinated rhesus macaques, exhibiting 
different degrees of lung pathology that in general inversely correlate with time-to-
endpoint (survival) (Figure S5A). Immunohistochemical analyses revealed that 
macrophage infiltration (CD68+) positively correlated with lung pathology severity; this 
pattern was also accompanied by increased CD163 expression, a bona fide marker 
of M2 macrophages in tuberculous granulomas in NHPs (Figure 7A, Figure S5B) 
(Mattila et al., 2013). Importantly, we also report for the first time the elevated 
expression of CD16 in NHP tuberculous granulomas, which parallels that of CD68 
and CD163, in accordance with disease severity (Figure 7A, Figure S5B). As CD16 is 
also expressed by neutrophils, we analyzed the colocalisation of CD16 and CD163 
markers. In cases of advanced disease pathology, CD16 was highly co-expressed in 
the CD163+ population (55+14% in average of CD163+ macrophages expressed 
CD16) (Figure 7B). In addition, while mycobacteria were detected through the lungs 
of NHPs with severe disease pathology, we also observed a high bacterial load in the 
CD16+ population (Figure 7C). The phospho-STAT3 detection was impossible for 
technical reasons in NHP samples; however, we observed the nuclear translocation 
of STAT3 in CD163+ and CD16+ cells (Figure 7D). In the human context, we 
performed a similar set of histological analyses in the skin biopsies from patients 
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infected with Mycobacterium ulcerans, the etiological agent of Buruli ulcer disease. 
Since the microbicidal functions are known to be impaired in M. ulcerans-infected 
macrophages (Torrado et al., 2010), we figured the macrophage activation program 
must be altered in this necrotizing skin disease. Similar to NHPs, we observed the 
massive abundance of CD68+, CD163+ and CD16+ cell populations in three different 
patients (Figure S5C), suggesting there are also M2c macrophages in Buruli ulcer 
lesions. Altogether, our data show that the M2c activation program abundance 
correlates with disease severity and activated STAT3, contributing potentially to the 
establishment of chronic infection. 
 
DISCUSSION 
This study presents a general picture of how environmental signals mediated by 
ongoing Mtb infection alters the monocyte-to-macrophage differentiation program, 
and thus profoundly influencing the outcome of infection and the ability of the host to 
meet this challenge. More specifically, we identified STAT3 as the molecular 
component responsible for the predisposition of human monocyte-macrophages to 
differentiate towards a pathogen-permissive M2c phenotype that is highly motile and 
immunosuppressive, and whose abundance in tissues correlates with the 
pathological severity of human mycobacterial infectious. All aspects considered, we 
believe this study makes four major contributions to the field of host-pathogen 
interactions.  
The first is the identification of human monocyte differentiation towards an Mtb-
permissive M2c macrophage phenotype that is dependent on the IL-10/STAT3 
circuit. According to the newly proposed nomenclature guidelines for the macrophage 
activation process (Murray et al., 2014), the M2c activation phenotype described in 
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this study falls within the standards assigned to macrophages activated with IL-10 
(M(IL-10)). Within this proposed frame, we now provide a new set of markers to 
distinguish human M(IL-10) in terms of hallmark cell-surface markers (i.e. CD16+, 
CD163+, MerTK+), transcription factor (i.e. STAT3), cytokine content (e.g. TNFlow), 
chemokines receptors (i.e. CCR2+, CCR5+, CXCR3+), co-stimulatory molecules (i.e. 
PD-L1high, CD86low) and matrix metalloproteases (i.e. MMP1, MMP9), accompanying 
the pathogen-permissivity phenotype. Depletion of IL-10, or loss-of-function of STAT3 
activity, abrogates the acquisition of this phenotype. Despite the fact that IL-10 is 
known to inhibit monocyte differentiation towards antigen-presenting cells and favor 
intracellular pathogen survival in vitro, the presence of the M2c monocyte-
macrophages in TB context is a novel concept that was so far described only in 
cytomegalovirus infection of human monocytes in vitro (Avdic et al., 2013). By driving 
monocyte differentiation towards the M2c macrophage activation program, our data 
evidences that the IL-10/STAT3 circuit renders the intracellular environment 
permissive for Mtb. Indeed, this is in line with a study using transgenic mice 
overexpressing IL-10 specifically in macrophages that become susceptible to Mtb 
infection as reflected by the abundance of M2-like macrophages and high bacterial 
loads (Schreiber et al., 2009). The mechanism involved in Mtb permissivity in 
macrophages might result from the well known inhibitory activity of IL-10 on 
phagosome-lysosome maturation, and from IL-6/IL-10/STAT3-dependent induction of 
arginase-1 (ARG1), an enzyme that inhibits the production of microbicidal nitric oxide 
(Lugo-Villarino et al., 2011; Schreiber et al., 2009). The characterization of the M2c 
phenotype as pathogen-permissive provides an original biological context to further 
understand at the molecular level how STAT3 activity inhibits antimycobacterial 
effector mechanisms.  
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The second contribution is the evidencing of protease-dependent migration as novel 
STAT3-dependent feature of human M2c monocyte-macrophages. This is an exciting 
finding given that, in the zebrafish and mouse models, mycobacteria recruit highly 
motile and efferocytic macrophages as a tool for bacterial dissemination (Antonelli et 
al., 2010; Ramakrishnan, 2012). Indeed, while efferocytosis is a hallmark function of 
the M2c program (Zizzo et al., 2012), we show for the first time these cells exhibit 
high motility and capacity to remodel dense 3D environments, a process that involves 
high MMP1 and MMP9 activity and may contribute to tissue remodeling and 
pathogenesis. This is in line with a study demonstrating that MMP1 is increased 
during Mtb infection and is responsible for lung immunopathology (Elkington et al., 
2011), and with other reports evidencing the role of MMP9 in the recruitment of 
macrophages, granuloma maturation and bacterial dissemination (Ramakrishnan, 
2012). In contrast to the reports in the zebrafish and mouse models showing that the 
CCL2/CCR2 axis is critical for the recruitment of permissive macrophage to the 
infectious site (Antonelli et al., 2010; Cambier et al., 2014), the recruitment of the M2c 
monocyte-macrophage appears not to be dependent on this pathway in human. Even 
though we cannot exclude that other chemokines present in cmMTB could be 
involved in increasing the migration capacity of monocyte-macrophages, we showed 
that acquisition of the M2c phenotype is essential to the enhanced motility in these 
cells. Of note, while there is evidence for the involvement of STAT3 in cell migration 
and tumor cell invasiveness, its role has only been convincingly demonstrated in T 
cell migration (Verma et al., 2009). Therefore, our findings open up new venues to 
investigate how STAT3 grants the M2c cells protease-dependent migration capacity, 
and consequently, how it might contribute to tissue remodeling and pathogen 
dissemination. 
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The third major contribution from this study is the description within the TB context of 
the immunosuppressive capacity of the human M2c monocyte-macrophage that is 
dependent on STAT3. Beyond the diminished pro-inflammatory cytokine response, 
this monocyte-macrophage phenotype is also a poor activator of T cells. This is in 
accordance with different reports characterizing the role of IL-6/IL-10/STAT3 as a 
repressor circuit of the inflammatory response (Lang, 2005). This includes roles in the 
repression of pro-inflammatory cytokine/chemokines, establishment of a high PD-L1 
to CD86 ratio, and tolerant capacity to control T cell activation (Lang, 2005). More 
specifically, our results also provide a human cellular context that may explain how 
the regulation of STAT3 activity influences infection and disease outcome in different 
mouse models (Carow et al., 2013; Holscher et al., 2005). In one case, mice deficient 
for the IL-27 receptor (a STAT3 activator) exhibited an uncontrolled production of pro-
inflammatory cytokines, elevated levels of IFN-producing T cells, enhanced 
macrophage effector functions and reduced bacterial loads, in response to Mtb 
infection. Yet, these animals eventually succumb due to uncontrolled 
immunopathology (Holscher et al., 2005). In a reciprocal case, a mouse with targeted 
deletion in the myeloid compartment for SOCS3 (the suppressor of cytokine signaling 
3), which is known to inhibit STAT3, showed increased susceptibility to Mtb infection 
(Carow et al., 2013). Based on these observations, we infer that Mtb rides the wave 
of the immunosuppressive activity in monocyte-macrophages to increase its survival 
fitness. 
The last major contribution from this study concerns the critical correlation of the M2c 
monocyte-macrophage with the severity of mycobacterial infection disease in human 
and NHPs. Expanding upon our previous observations that CD16+ monocytes are 
abundant in blood and pleural effusions from TB patients (Balboa et al., 2011), and 
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that this subset is considered as a “M2c-like” cell because of its MerTK expression 
(Zizzo et al., 2012), we now report that M2c markers (i.e. CD163, MerTK) are 
preferably expressed in CD16+ monocytes found in pleural effusions, but not in those 
in blood, of TB patients. Considering that TB pleural effusion not only activates 
STAT3 phosphorylation in monocytes, but also stimulates their protease-dependent 
migration, we infer that CD16+CD163+MerTK+ monocytes readily exit the blood 
circulation and migrate towards sites of infection (e.g. TB pleural cavity), and thus 
potentially explaining why we could not detect blood monocytes bearing the three 
markers. This is in line with an assessment of the presence of monocyte-macrophage 
program during the onset of tuberculous pleurisy in which the presence of CD163+ 
macrophages was reported among the different macrophage populations (Tang et 
al., 2014). Alternatively, we cannot exclude the possibility that the lack of M2c 
markers in blood CD16+ monocytes from TB patients is due to a possible shedding of 
these receptors, as MerTK and CD163 receptors are cleaved by the same 
metalloproteinase TACE (tumor necrosis factor alpha-coverting enzyme) under 
abnormal inflammatory conditions (Zizzo et al., 2013; Zizzo et al., 2012). 
Nevertheless, we demonstrate that circulating CD16+ monocytes from TB patients 
still possess immunosuppressive potential in terms of displaying a high PD-L1 to 
CD86 ratio along with a poor capacity to activate allogeneic T cells. Based on these 
observations, we propose that the CD16+ monocyte subset, induced by Mtb-derived 
environmental context, is predisposed to differentiate towards immunosuppressive 
M2c macrophages, and contributes to the establishment of chronic infection. This is 
supported by the striking correlation between pathology severity and the 
CD16+CD163+ macrophage (with activated STAT3) abundance in granulomas of 
Mtb-infected NHPs and in skin biopsies from Buruli ulcer patients. Indeed, we infer 
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that the high abundance of CD16+ monocytes in blood circulation TB patients along 
with that of CD16+CD163+ tissue macrophages during mycobacterial chronic infection 
may represent a continuous failed attempt by the host to limit immunopathology. At 
the tissue level, although there are key reports integrating the concept of 
macrophage polarization within tuberculous granulomas (Lugo-Villarino et al., 2012; 
Mattila et al., 2013), to our knowledge this is the first study to identify the M2c 
macrophage subset in this context. Beyond the detection of CD163, we now provide 
novel markers (i.e. CD16, STAT3) that could be helpful to identify M2c macrophages 
in different granulomatous diseases. Based on the known inhibitory role for IL-10 in 
the formation of protective mature granulomas during Mtb-infection (Cyktor et al., 
2013), the presence of M2c macrophages with activated STAT3 may represent a 
cellular indicator of granulomas that foment the expansion and dissemination of 
disease (Lugo-Villarino et al., 2012; Ramakrishnan, 2012). Indeed, human M2c 
macrophages meet the criteria ascribed for the formation of pathogenic granulomas 
mainly described in zebrafish: secretion of MMPs involved in granuloma formation 
(i.e. MMP1, MMP9), high protease-dependent motility, pathogen-permissivity, and 
immunosuppressive capacity to modulate a pro-inflammatory environment 
(Ramakrishnan, 2012). The fact that monocyte predisposition towards M2 
macrophage programs alters granuloma formation during Schistosoma mansoni 
infection, suggests this may be a general process contributing to granulomatous 
diseases (Girgis et al., 2014). 
In conclusion, together with the functional characterization of STAT3 in the 
establishment of M2c monocyte-macrophages, the critical in vivo assessment of the 
M2c phenotype within TB context supports the notion that the overactive STAT3-
dependent signaling promotes the establishment and perpetuation of pathogen 
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persistence. Given that the CD16+ monocyte subset becomes exacerbated during 
various abnormal inflammatory diseases, we infer that all CD16+ monocytes are not 
created equal, and thus, their differentiation depends on the microenvironments 
shaped in health and disease progression contexts. Since immune impairment is 
usually observed in patients with chronic infections, and that the STAT3 activity 
grants a tolerance capacity to the myeloid compartment (Lang, 2005), we estimate 
that short-term blockade of STAT3 within the monocyte-to-macrophage differentiation 
program has the potential to modulate tolerance disease mechanisms and restore 
the antimicrobial immunity. Such therapeutic approach, for instance, might be 
particularly useful in those patients with TB meningitis that fail to control 
mycobacterial proliferation because of intrinsic exacerbated immune suppression, 
and in which dexamethasone treatment has deleterious effects (Tobin et al., 2012). 
 
EXPERIMENTAL PROCEDURES 
Ethics Statement for human and NHP samples 
Studies involving human samples from healthy donors, TB or Buruli ulcer patients, 
and samples from non-human primates, were performed in accordance to guidelines 
approved by all indicated Ethical committees, as detailed in Supplemental 
Experimental Procedures.  
 
Preparation of human monocytes and monocyte-derived macrophages 
Monocytes from healthy donors and from TB patients were prepared as previously 
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Preparation of conditioned media and monocyte treatment 
The conditioned medium was prepared from Mtb-infected monocyte-derived 
macrophages (cmMTB) at a multiplicity of infection (MOI) of 3 bacteria/cell, in RPMI 
1640 (Gibco) containing 10% FBS (Sigma-Aldrich). The conditioned control medium 
(cmCTR) was obtained from uninfected macrophages. After an overnight incubation 
at 37°C, culture media were collected, sterilized by filtration, and aliquots were stored 
at -80°C. For conditioning, human CD14 sorted monocytes were allowed to adhere 
for 1 hr and then cultured for 3 days with 50% dilution of cmMTB or cmCTR 
containing M-CSF (Peprotech, 10ng/mL) and 10% FBS. Cell surface expression of 
macrophage activation markers, and bacterial intracellular growth, were measured 
using standard procedures detailed in Supplemental Experimental Procedures. 
 
3D-migration assays 
3D-migration assays were performed as detailed in Supplemental Experimental 
Procedures. Briefly, cells were seeded on top of fibrillar collagen I, gelled collagen I 
or Matrigel polymerized in transwell inserts. The lower chamber of each insert was 
filled with a 50% dilution of cmMTB or cmCTR in complete medium or with complete 
medium supplemented with recIL-10. Cell migration into fibrillar collagen I was 
quantified after 24 hr, whereas the migration into Matrigel or gelled collagen I was 
quantified after 72 hr. The percentage of cell migration was obtained as the ratio of 
cells within the matrix to the total number of counted cells as described (Van 
Goethem et al., 2010). 
 
Assessment of the inflammatory cytokine response and activation of T cells 
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Total RNA were reverse transcribed and amplified as detailed in Supplement 
Experimental Procedures. Primers for qPCR are listed in table S4. The mRNA 
content was normalized to the metastatic lymph node protein 51 (MLN51) mRNA and 
quantified using the ∆∆Ct method. Secreted TNF and IL-10 were measured by 
ELISA. Activation of allogeneic T cells was evaluated in mixed lymphocyte reactions 
including cell proliferation by flow cytometry and secreted IFN analysis by ELISA or 
flow cytometry as detailed in Supplement Experimental Procedures. 
 
Statistical analyses 
One-tailed paired or impaired t-test was applied on data sets with a normal 
distribution, whereas one-tailed Mann-Whitney (impaired test) or Wilcoxon (matched-
paired test) tests were used otherwise (Prism® software). P<0.05 was considered as 
the level of statistical significance. 
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Figure 1. The secretome of Mtb-infected macrophages induces the pathogen-
permissive M2c phenotype in human monocyte-macrophages. 
 (A) Representative flow cytometry histograms of cell-surface polarization markers on 
monocytes cultured with cmMTB or cmCTR. (B) The fold change in cell surface 
expression of polarization markers induced by cmMTB were determined in 
comparison to cmCTR and expressed as means  SEM (n>6 donors) (bottom). (C) 
Human monocytes pretreated with cmCTR or cmMTB were infected with Mtb. At 
days 0 and 5 after infection, colony-forming units (CFU) were scored and presented 
as before-and-after plots. *, p<0.05; **, p<0.01. 
 
Figure 2. Protease-dependent migration is a novel feature of the human M2c 
monocyte-macrophage.  
(A-E) Human monocytes were seeded on the top of fibrillar collagen I or Matrigel 
matrices and allowed to migrate in response to cmCTR (white) or cmMTB (black). (A) 
Quantification of the percentage of migrating cells (n=7 donors). (B) Representative 
image of 3D position of cells migrating in Matrigel using Topcat software. (C) Effect of 
protease (Pimix), matrix metalloprotease (MMP), Rho-associated kinase (Y27362) 
inhibitors or DMSO on cell migration in Matrigel (n=9 donors). (D) Representative 
scanning electron microscopy images showing cells on Matrigel (n=3 donors, scale 
bar=10µm). (E) Culture media of cmCTR- or cmMTB-treated monocytes were 
analyzed by gelatin zymography. Coomassie Blue staining controls sample loading 
and gelatin zymogram shows MMP-9 and MMP-1 proteolytic activities (Left). 
Quantification of gelatin zymogram gels for MMP9 (center) and MMP1 (right) activity 
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(n>4 donors). (F) cmCTR- and cmMTB-treated monocyte-macrophages were seeded 
on Matrigel and allow to migrate in response to cmCTR. The percentage of cell 
infiltrating the matrix was quantified. (n=4 donors). (G) Representative scanning 
electron microscopy images showing cmCTR- or cmMTB-treated cells on Matrigel 
(n=3 donors, scale bar=10µm). Results are expressed as mean  SEM. *, p<0.05; **, 
p<0.01; ***, p<0.001. 
 
Figure 3. Human M2c monocyte-macrophages exhibit immunosuppressive 
capacity. 
Monocytes treated with cmCTR or cmMTB were stimulated with paraformaldehyde 
(PFA)-killed Mtb or PBS (mock).  
 (A) RT-qPCR analysis of the expression profile of pro- (Tnf) and anti-inflammatory 
(Il-10) cytokines. The fold changes in gene expression were determined in 
comparison to unstimulated cells (n>4 donors). (B) Level of TNF- and IL-10 
secretion in supernatants from stimulated or unstimulated cells as quantified by 
ELISA (n>12 donors). (C) Quantification of co-stimulatory molecule PD-L1 (left) and 
CD86 (right) expression on conditioned monocytes, as measured by flow cytometry. 
Results are presented as mean  SEM (n>9 donors). (D) Vertical scatter plot 
showing for each donor, the ratio between PD-L1 and CD86 MFI. (E-F) Allogeneic 
human lymphocytes labeled with CFSE were co-cultured with conditioned 
monocytes. Before-and-after plots showing T cell proliferation values illustrated as 
the percentage of CFSE-dividing cells (E) and the production of IFN by proliferating 
T cells in co-culture supernatants quantified by ELISA (F). *, p<0.05; **, p<0.01; ***, 
p<0.001. MFI: median fluorescent intensity. 
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Figure 4. IL-10 within the secretome of Mtb-infected macrophages drives the 
effect on the human monocyte differentiation. 
Monocytes were cultured with IL-10-depleted cmMTB (cmMTBIL-10, red) or cmCTR 
and cmMTB mock depletion (cmCTRIgG, grey; cmMTBIgG, blue). Representative 
histograms (A) and quantification (B) of polarization marker expression in cmMTB-
treated cells normalized to that in cmCTRIgG-treated cells (n>8 donors). (C) 
Monocytes were seeded on Matrigel and allowed to migrate in response to 
cmMTBIL-10, cmCTRIgG or cmMTBIgG (n=5 donors). Results are expressed as 
mean  SEM. *, p<0.05; **, p<0.01. 
 
Figure 5.  STAT3 controls the phenotype and function of the human M2c 
monocyte-macrophages established through the secretome of Mtb-infected 
cells.  
 (A) Representative blot (left) and quantification (right) of western blot analysis of 
phosphorylated STAT3 on tyrosine 705, total STAT3 and actin, on lysates of 
monocytes treated with either cmCTR, IL-10-depleted cmMTB (cmMTBIL-10), or 
the mock depletion control (cmMTB; cmMTBIgG) (n=6 donors). (B-D) Human 
monocytes were transfected with SMARTpools targeting stat3 (siSTAT3) or non-
targeting control siRNAs (siCTR), and then conditioned with cmCTR or cmMTB 
(siCTR-cmCTR, white; siCTR-cmMTB black; siSTAT3-cmMTB, grey). (B) Expression 
of polarization markers in cmMTB-conditioned cells was normalized to that in 
cmCTR-treated-cells (n=5 donors). (C) Transfected monocytes were seeded on 
Matrigel and allowed to migrate in response to cmMTB (n=3 donors). Results are 
expressed as mean  SEM. (D) Transfected monocytes were conditioned with 
cmMTB, and then infected with Mtb. Before-and-after plot showing CFU scoring at 
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day 0 or day 5 after infection. (E-H) cmMTB conditioning of monocytes was 
performed in the presence of cucurbitacin I or DMSO as control. Cells then were 
stimulated with PFA-killed Mtb or PBS (mock). (E) Quantification of the cell-surface 
expression of PD-L1 and CD86, as measured by flow cytometry. (F) Vertical scatter 
plot showing for each donor, the ratio between PD-L1 and CD86 MFI. Results are 
expressed as mean  SEM. (G-H) Allogeneic human lymphocytes labeled with CFSE 
were co-cultured with conditioned monocytes. Before-and-after plots showing T cell 
proliferation values illustrated as the percentage of CFSE-dividing cells (G) and the 
production of IFN by proliferating T cells in co-culture supernatants quantified by 
ELISA (H). *, p<0.05. MFI: median fluorescent intensity. 
 
Figure 6. Assessment of the M2c monocyte-macrophage in TB patients. 
(A-C) Expression of M2c markers on CD14+ monocytes from peripheral blood from 
healthy donors (PB-HS) or TB patients (PB-TB), and on the CD14+ monocyte-
macrophages present on pleural effusion from TB patients (PE-TB). Vertical scatter 
plot showing for each donor the expression of indicated markers (A), the percentage 
of CD16+ monocytes within the CD14+ monocyte population (B), and the expression 
of CD163 or MerTK within the CD14+CD16+ and CD14+CD16- monocyte populations 
(C). (D-E) Human monocytes from HS were treated with PE-TB, MPE (Malignant 
Pleural Effusion), or culture medium. (D) A representative western blot illustrating the 
expression of pY705-STAT3, STAT3 and actin (n=3). (E) Monocytes were seeded on 
Matrigel and allowed to migrate in response to PE-TB, MPE, or culture medium (n=3 
donors). (F-H) Monocytes from HS or TB patients were stimulated with irradiated- 
Mtb or PBS (mock). (F) Vertical scatter plot showing, for each donor, the ratio 
between PD-L1 and CD86 MFI. (G) Allogeneic CD4+ T cells, labeled with CFSE, 
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Lastrucci C., et al. 
 
were co-cultured with stimulated monocytes. The values represent the percentage of 
CFSE–proliferating CD4+ lymphocytes measured by flow cytometry (n=6 donors). (H) 
Production of IFN by stimulated CD4+ T cells was quantified by flow cytometry 
analysis of cytokine intracellular staining (n=6 donors). Results are expressed as 
mean  SEM. *, p<0.05; **, p<0.01; ***, p<0.001. MFI: median fluorescent intensity. 
 
Figure 7. Histological assessment of the M2c monocyte-macrophage in non-
human primate (NHP) tuberculous granuloma contexts.  
 (A) Representative immunohistochemical images demonstrate expression and 
distribution of CD68, CD163 and CD16, in lung granulomas from non-vaccinated 
Mtb-infected NHPs exhibiting different severity of pulmonary TB (n=6). (B) 
Colocalization of CD163 (green; Alexa-488) and CD16 (red; Alexa-555) in lung 
tissue. White arrows indicate double-positive cells that are magnified in 1 and 2 (inset 
scale bar = 10µm). (C) Representative microscopic image of bacterial antigens 
(green, Alexa-488) in CD16+ cells (red, Alexa-555). (D) Nuclear localization of STAT3 
(green; Alexa-488) in CD163+ (left panel; red, Alexa-555) and CD16+ (right panel; 
red, Alexa-555) cells in lung tissue. Normalized fluorescence intensity profiles along 
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isotype control cmCTR cmMTB
Figure S1 (Related to figure 1). Cell-surface protein level 
for the indicated markers as quantified by flow cytometry. 
(Top) Representative histograms of cell-surface marker 
expression on monocytes cultured with cmMTB or 
cmCTR. (Bottom) The fold change in cell surface expres-
sion of polarization markers induced by cmMTB were 
determined in comparison to cmCTR (n>6 donors). 






































































































































































Figure S2 (Related to figure 2): (A) (left) Representative images of cells 
on top or migrating in gelled collagen I matrix. (Right) Quantification of 
the percentage of migrating cells in gelled collagen I in reponse to 
cmCTR or cmMTB (n=4 donors). (B) siRNA transfected monocytes 
were seeded on Matrigel and allowed to migrate in response to cmCTR 
or cmMTB (n=5 donors). The percentage of cell infiltrating the matrix 
was quantified. (C) Quantification of gelatin zymogram gel for MMP2 
(n=4 donors). (D-E) Monocytes were seeded on Matrigel and allowed to 
migrate in response to (D) recombinant CCL2, CCL4, CCL5 or medium 
control (CTR) (n=2 donors) (E) cmCTR, cmMTB depleted for CCL2, 
CCL4 and CCL5 (AcαCCL2,4,5), or mock depletion control (mix IgG). 
The percentage of cell infiltrating the matrix was quantified (n=4 































































































































Figure S3 (Related to figure 3). Monocytes treated with 
cmCTR (white bar) or cmMTB (black bar) were stimulated 
with paraformaldehyde (PFA)-killed Mtb or PBS (mock). 
RT-qPCR analysis of the expression profile of pro- or 
anti-inflammatory cytokines. The fold changes in gene 
expression were determined in comparison to unstimula-
ted cells (n>4 donors). Results are expressed as mean 
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Figure S4 (Related to figure 4): (A) Representative histograms 
of monocyte phenotype in culture  with culture medium (CTR) or 
supplemented with recIL-10 (10 ng/mL) (n=3 donors). (B) Mono-
cytes were seeded on the top Matrigel and allowed to migrate in 
response to culture medium (CTR) or recIL-10 (10 ng/mL). The 
percentage of migrating cell was quantified and expressed as 
mean +/- SEM. (n=5 donors). (C) Scanning electron microscopy 
images showing the monocyte-macrophages on the top of 
Matrigel (representative of 3 experiments, scale bar = 5 µm) * 
p<0.05; ** p<0.01.
Lastrucci et al.
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Figure S5 (Related to figure 5): (A) Validation of IL-10 depletion in 
αIL10-treated cmMTB by ELISA. Results are expressed as mean 
+/-SEM. (n=6 donors) (B) Representative western blot showing 
STAT3 and actin expression level after 6 days in siCTR- and 
siSTAT3-transfected cells (n=7 donors). (C) Representative wes-
tern blot of pY705-STAT3, STAT3 and actin expression after mono-
cyte treatment with cucurbitacin I (n=2 donors). (D) Representative 
histograms of polarization marker expression on siRNA-transfected 
cells cultured with cmMTB or cmCTR (n=5 donors). (E) Represen-
tative histograms of polarization marker expression on monocytes 
cultured with cmCTR or cmMTB supplemented with cucurbitacin I 
or DMSO as vehicule control (n=4 donors).
Lastrucci et al.
Supplemental Figure 6




































Figure S6 (related to figure 7): Rhesus macaques were vaccinated or not with BCG (BCG and non-v, 
respectively) and almost nine months later infected with Mtb. Animals were followed for 50 weeks 
post-infection or, in case of severe progressive disease, culled earlier on the basis of humane endpoint 
criteria. (A) Scoring of survival (left) and lung pathology (lung PA, right) of BCG-vaccinated and non-
vaccinated Mtb-infected NHPs (n=6 macaques respectively). (B) Representative immunohistochemi-
cal images demonstrate expression and distribution of CD68, CD163 and CD16, in lung granulomas 
from BCG-vaccinated Mtb-infected NHPs exhibiting different severity of pulmonary TB. (C) Represen-
tative immunohistochemical images demonstrate expression and distribution of CD68, CD163 and 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
Ethic statements 
Ethics Statement for human samples 
Tuberculous (TB) patients were diagnosed at the División de Tisioneumonología-
Hospital F.J Muñiz, and at the Instituto de Tisioneumonología Vaccarezza-University 
of Buenos Aires, Argentina, from 2013 to 2014, by the presence of recent clinical 
respiratory symptoms, abnormal chest radiography and positive sputum smear test 
for acid-fast bacilli. The research was carried out in accordance with the Declaration 
of Helsinki (2013) of the World Medical Association, and was approved by the Ethics 
Committees of the institutes mentioned above (protocol number: NIN-1671-12). 
Written informed consent was obtained before sample collection. Exclusion criteria 
included a positive HIV test, and the presence of concurrent infectious diseases or 
non-infectious conditions (cancer, diabetes, or steroid therapy). Blood samples were 
collected at 3 to 10 days after start of treatment. The diagnosis of tuberculous 
pleurisy was based on a positive Ziehl–Nielsen stain or Lowestein–Jensen culture 
from pleural effusion (PE) and/or histopathology of pleural biopsy, and was further 
confirmed by an M. tuberculosis-induced IFN (interferon )response and an ADA-
positive test (Light, 2010). None of the patients had multidrug-resistant TB. Effusions 
were classified as exudates according to Light et al. criteria (Light, 2010). PE and 
peripheral blood (PB) samples were obtained as described previously (Schierloh et 
al., 2007). PB samples from healthy subject (HS) were provided by the Blood 
Transfusion Service, Hospital Fernandez, Buenos Aires (agreement number 
CEIANM-52-5-2012). All HS had received BCG vaccination in childhood and their 
tuberculin-test status (TTS) was unknown. Clinical features of the experimental 
groups are summarized in table S1. Monocytes from healthy donors were also 
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provided by Etablissement Français du Sang, Toulouse, France, under contract 
21/PLER/TOU/IPBS01/2013-0042. According to articles L1243-4 and R1243-61 of 
the French Public Health Code, the contract was approved by the French Ministry of 
Science and Technology (agreement number AC 2009-921). Written informed 
consents were obtained from the donors before sample collection. 
Skin biopsies were obtained from PCR-confirmed M. ulcerans-infected patients, 
treated in Buruli ulcer center of Pobè (Bénin). Our study was conducted in 
accordance with the Helsinki Declaration, with written informed consent obtained 
from each volunteer. Our study was approved by the institutional review board of 
University Hospital of Angers, by the national Buruli ulcer control authorities (Benin) 
and by the Ethical committee of the Ministry of Health in Benin (agreement number 
2893/MS/DC/SG/DRF/SA). Clinical features of the patients are summarized in table 
S2. 
 
Ethics Statement for Non-Human Primate samples 
The non-human primate (NHP) study protocol was in compliance with the (former) 
EC Directive 86/609/EEC, approved by the local independent ethical committee prior 
to the start of the study, and executed under Dutch law on animal experiments 
(agreement number DEC#579). For any particular animal, endpoint was defined 
either by signs of severe disease (humane endpoint criteria, referring to animal 
condition by adverse body weight development, respiratory capacity and animal 
behavior) or by protocol, which limited the follow-up time to 1 year post-infection. 
 
Non-human Primate handling and vaccination 
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NHP materials were derived from animals that were used previously for vaccine 
research and development purposes. Specifically, healthy young adult female rhesus 
macaques (Macaca mulatta), all captive-bred for research purposes and of 
homogeneous breeding background, were vaccinated (or not) with a standard human 
dose of M.bovis BCG Danish 1331 (SSI, Copenhagen) by intradermal injection. 
Almost nine months later they were challenged with 500 CFU of M.tuberculosis strain 
Erdman K01 (prepared and provided under an agreement between WHO and 
CBER/FDA with assistance of Aeras), which was administered by intra-bronchial 
instillation under sedation. At endpoint animals were sedated, euthanized and 
submitted to macroscopic lung pathology scoring as previously described (Lin et al., 
2009). Briefly, gross pathological findings were assessed and described by a board-
certified veterinary pathologist with extensive nonhuman primate experience (I. 
Kondova) using a necropsy score worksheet in which tuberculosis disease from each 
lung lobe, lymph node, and visceral organ was described, recorded, and 
enumerated. From this, an overall score was determined based on the severity and 
dissemination of tuberculosis. Generally, higher lung pathology scores were 
observed in animals that came down with severe disease earlier after infection. 
Representative lung samples were collected and fixed in 10% neutral buffered 
formalin and embedded in paraffin for long-term storage. Of note, the samples were 
provided in a blind manner, whose identification was eventually released upon the 
acquisition of results from histological analyses.  
 
Preparation of human monocytes and monocyte-derived macrophages  
The monocytes were prepared following a previously published procedure_ENREF_41 
(Troegeler et al., 2014). Briefly, mononuclear cells were isolated from using 
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Leucosep™ tubes (Fisher), according to manufacturer’s instructions. Monocytes 
were further purified using CD14 microbead positive selection and MACS separation 
columns (Miltenyi Biotec), according to manufacturer’s instructions. For differentiation 
of monocyte-derived macrophages, monocytes were allowed to adhere to the 
microscope cover glasses (VWR international) in 6-well or 24-well plates (Thermo 
Scientific), at 1.5x106 cells/well and 3x105 cells/well, respectively, for 1 hr. at 37°C in 
warm RPMI 1640 medium (GIBCO). The medium was then supplemented to a final 
concentration of 10% FBS (Sigma-Aldrich) and human recombinant M-CSF 
(Peprotech) at 20 ng/mL. Cells were allowed to differentiate for 5-7 days. Of note, 
differentiated macrophages were used as the cellular source to prepare the cmMTB 
after infection with Mtb. The cell medium is renewed every third or fourth day of 
culture. For the human samples of PB and PE, mononuclear cells were isolated by 
Ficoll-Hypaque gradient centrifugation (Pharmacia, Uppsala, Sweden) as described 
previously (Balboa et al., 2011). 
 
Bacterial strain & Culture 
Mycobacterium tuberculosis H37Rv strain (Mtb) was grown at 37°C in Middlebrook 
7H9 medium (Difco) supplemented with 10% albumin-dextrose-catalase (ADC, Difco) 
and 0.05% Tween-80 (Sigma-Aldrich). Different methods were used to prepare killed-
Mtb according to the laboratory where the experiments were performed. Bacteria 
were killed using 4% paraformaldehyde (PFA) for 2 hr., washed twice with D-PBS 
and dissociated by passages through a 26-G needle. The -irradiated M. tuberculosis 
H37Rv strain was kindly provided by J. Belisle (Colorado State University, Fort 
Collins, CO, U.S.A.). Mycobacteria were sonicated and then suspended in D-PBS. 
Bacterial concentration was determined by measuring optical density (OD600). 
(IMMUNITY-D-14-00519) 




Preparation of conditioned media 
Exponentially growing Mtb was centrifuged (2000 g) and resuspended in D-PBS 
(MgCl2,CaCl2 free, Gibco). Clumps were dissociated by passages through a 26-G 
needle then resuspended in RPMI-1640 containing 10% FBS. Bacterial concentration 
was determined by measuring optical density (OD600). To prepare the conditioned 
medium of Mtb-infected macrophages (cmMTB), macrophages (1.5×106 cells/6-well) 
were infected with Mtb at a multiplicity of infection (MOI) of 3 bacteria/cell, in 1.4mL 
final volume of RPMI 1640 containing 10% FBS per well. The conditioned control 
medium (cmCTR) was obtained from uninfected macrophages. After an overnight 
incubation at 37°C, culture media were collected, sterilized by filtration (0.2µm pores) 
and aliquots were stored at -80°C.  
 
Culture of monocytes with conditioned media 
Freshly isolated CD14+ monocytes were allowed to adhere in absence of serum 
(3×105cells/24-well in 500µL or 2×106 cells/6-well in 1mL). After 1 hr. of culture, 
cmMTB or cmCTR supplemented with 20 ng/mL M-CSF and 20% FBS were added 
to the cells (vol/vol) resulting in 10 ng/mL M-CSF and 10% FBS final concentrations. 
Cells were cultured for 3 days. Monocytes were also conditioned into M2c program in 
presence of 10 ng/mL M-CSF and 10 ng/mL recombinant human IL-10 (PeproTech). 
For activation of conditioned monocyte-macrophages, after a washing step with D-
PBS, cells were stimulated for 18 hr. with either PFA- or -irradiated-killed Mtb at a 
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Staining of conditioned monocyte-macrophages were performed as previously 
described (Troegeler et al., 2014). Adherent cells were harvested using the Cell 
Dissociation Buffer (Life technologies), centrifuged for 5 min at 340xg at 4°C, and 
then stained in cold FACS buffer (PBS pH 7.2, 5% BSA) for 25 min with the 
corresponding antibody for the protein of interest (Table S3) and in parallel, with the 
corresponding isotype control antibody using a general dilution of 1:400. After 
staining, the cells were washed with cold FACS buffer, centrifuged for 5 min at 340g 
at 4°C (twice), and analyzed by flow cytometry using LSR-II flow cytometer (BD 
Biosciences). Data was then acquired and analyzed using the FlowJo 7.6.5 software.  
Cells from TB patients and related controls from healthy subjects (2 x 105 cells) were 
labeled as described above and acquired in a FACSAria II cytometer (BD 
Biosciences). The monocyte-macrophage population was gated according to its FSC 
and SSC proprieties. The percentage of positive cells and the median fluorescence 
intensity (MFI) were analyzed using FCS Express V3 software (De Novo Software, 
Los Angeles, CA, USA).  
 
Measurement of bacterial intracellular growth 
Conditioned monocyte-macrophages were washed with D-PBS and then infected 
with Mtb at a MOI of 0.2 bacteria/cell in RPMI-1640/10% FBS for 4 hr. Cells were 
then washed twice with D-PBS before addition of RPMI-1640/10% FBS. At day 0 and 
5, cells were lysed in 0.01% Triton X-100 (Sigma-Aldrich), and serial dilutions of the 
lysates were plated onto 7H11-Oleic Albumin Dextrose Catalase (OADC, Difco) agar 
medium for Coloning Forming Units (CFU) scoring.  
 
3D migration assays 
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3D-migration assays were performed as described (Van Goethem et al., 2010). 
Transwell inserts with an 8-mm pore-size polyester membrane in 24-well Companion 
plate (BD Biosciences) were filled with 100µL of each matrix. Fibrillar collagen I was 
prepared by adding Nutragen (2 mg/mL final concentration, Nutacon) to a mixture of 
10% (v/v) MEM eagle 103 (MEM; Invitrogen), deionized water, and 4–6% (v/v) of 
7.5% sodium bicarbonate buffer (pH 9) (Invitrogen). The preparation was poured in 
Transwell inserts and allowed to polymerize for 1 hr. in an incubator at 37˚C. 
Neutralization of the matrix was obtained by rehydratation of the matrix with 800 µL 
warm culture medium for at least 2 hr. in the incubator at 37˚C 5% CO2 before 
seeding the cells. Matrigel was directly loaded in Transwell inserts, allowed to 
polymerize for 30 min, and rehydrated like fibrillar collagen. To obtain gelled collagen 
I, eight parts chilled Nutragen collagen were mixed with one part ice-cold 10X PBS 
(final concentration 5.1 mg/mL). The collagen preparation was then adjusted to pH 
7.4 by addition of 67 µL 0.1 M NaOH and 33 µL 0.01 M HCl as monitored by pH 
paper. Then, the preparation was loaded in Transwell inserts, and gelation was 
started when incubated at 37˚C for 1 hr. Rehydratation was performed after the 
gelation by adding culture medium in the bottom chambers of Transwells 1 hr. before 
cell addition. Then, 5x104 cells in RPMI-1640 supplemented with 10% FBS and M-
CSF (10 ng/mL) were seeded on top of the extracellular matrices. The lower chamber 
of each insert was filled with either a 50% dilution of cmMTB or cmCTR in RPMI-
1640 supplemented with 10 % FBS and M-CSF (20 ng/mL). In some experiments, 20 
ng/mL recIL-10 diluted in RPMI-1640 supplemented with 10 % FBS and M-CSF (10 
ng/mL) was used. Cell migration into fibrillar collagen I was quantified after 24 hr. 
whereas the migration into Matrigel (or gelled collagen I) was quantified after 72 hr. 
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The percentage of cell migration was obtained as the ratio of cells within the matrix to 
the total number of counted cells as described (Van Goethem et al., 2010). 
In some experiments, a cocktail of protease inhibitors consisting of 0.02 TUI 
aprotinin, 1 μM pepstatin A, 1 μM leupeptin, 50 μM E-64C and 2.5 μM (Sigma-
Aldrich) GM6001 (Calbiochem) was added in the upper and the lower chambers. 
Y27632 (Selleck Chemical) was used at 10 µM. DMSO only was used as a vehicle 
control. For chemokine neutralization, cmCTR or cmMTB were incubated with 
10µg/mL of control IgG1 and IgG2b (IgG), neutralizing CCL2 (Cl: 24822), CCL4 (Cl: 
24006) and CCL5 (Cl: 21445) (CCL2,4,5; R&D System) for 1 hr. at 37°C and then 
used in the lower chamber for 3D migration assay. The neutralizing activity for each 
antibody was controlled by their ability to inhibit the 3D migration of monocyte-derived 
macrophages in response to its respective recombinant cytokine.  
 
Scanning electron microscopy  
Scanning electron microscopy observations of monocyte-macrophage on Matrigel 
matrix were performed as previously described (Cougoule et al., 2010). Briefly, three 
days after seeding of monocytes on the top of Matrigel, cells were fixed in 2.5% 
glutaraldehyde/0.1M sodium cacodylate (pH 7.4), post-fixed in 1% osmium tetraoxide 
(in 0.2M cacodylate buffer), then dehydrated in a series of increasing ethanol 
concentrations. Critical point was dried using carbon dioxide in a Leica EMCPD300. 
After coating with gold, cells were examined with a FEI Quanta FEG250 scanning 
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Supernatants of monocytes conditioned for three days with cmCTR or cmMTB were 
collected and subjected to a 10% (w/v) SDS-PAGE electrophoresis that contained 
0.1mg/mL Gelatin. The gels were then incubated in 2.5% (v/v) Triton X-100 to 
remove SDS, then rinsed three times in water. The gels were incubated in Gelatinase 
buffer (10mM CaCl2, 1µM ZnCl2, 100mM Tris/HCl (pH 7.5)), at 37°C for 4 hr. for 
MMP9 and MMP2 and 24 hr. for MMP1. The gels were then stained with 0.5% 
Coomassie Brillant Blue G-250, followed by destaining in 10% (v/v) acetic acid/ 30% 
(v/v) ethanol/5% (v/v) formaldehyde in water. Gelatinolytic activity was detected as 
unstained bands on a blue background and quantified using Image J software. 
MMP9, MMP2 and MMP1 levels were similar in cmMTB and cmCTR. 
 
IL-10 depletion  
CmCTR or cmMTB were incubated with 10 µg/mL of control IgG (IgG) or 
neutralizing IL-10 (IL-10, Cl: 19F1; Biolegend) for 1 hr. at 4°C.  Then, 50 µg/mL of 
50% slurry Protein G agarose beads (EMD Millipore) were added and incubated for 
1hr. at 4°C. Conditioned media were centrifuged (2000g) to remove antibody-bead 
complexes and then filtered (0.2 µm pores) before use. The depletion was controlled 
by ELISA (Figure S4A). 
 
Assessment of the inflammatory cytokine response and activation of T cells 
RNA extraction and qRT-PCR 
Total RNA from conditioned monocytes was extracted by guanidine-isothiocyanate-
phenol-chloroform using ready-to-use TRIzol Reagent (Invitrogen). Complementary 
DNA was reverse transcribed from 1 µg total RNA with Moloney murine leukemia 
virus reverse transcriptase (Invitrogen) using random hexamer oligonucleotides for 
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priming. The amplification was performed with an ABI Prism 7500 Sequence Detector 
(Applied Biosystems) using the PCR SYBR Green sequence detection system 
(Eurogentec, Seraing, Belgium). Primers are listed in Table S4 (Benard et al., 2010; 
Fruchon et al., 2009). Data were analyzed using the software supplied with the 
Sequence Detector (Applied Biosystems). The mRNA content was normalized to the 
metastatic lymph node protein 51 (MLN51) mRNA and quantified using the ∆∆Ct 
method. 
 
Cytokine protein quantifications 
Cytokine quantification was measured in supernatants by ELISA using kits from BD 
Bioscience (IL-10, TNF) or from BioLegend (IFN), according to manufacturer’s 
instructions, and by flow cytometry for intracellular expression. Briefly, lymphocytes 
were harvested, washed, and incubated in fresh medium for 4 hr in the presence of 
brefeldin A (5 µg/mL; Sigma-Aldrich). Subsequently, cells were treated with 
Cytofix/Cytoperm solutions (BD Bioscience) and incubated with an anti-human 
IFNmAb coupled to phycoerythrin (clone B27, Invitrogen). 
 
T cell proliferation assay 
Different methods were used to assess proliferation T cells, according to the 
laboratory where the experiments were performed.  
Human allogeneic peripheral blood lymphocytes (PBL, 10x5 cells) were labeled with 5 
µM CFSE then co-cultured for 6 days with conditioned monocytes in 96-well round-
bottom plates, in a total volume of 200 μl of RPMI-1640 supplemented with 10% FBS 
at a 1:25 (monocytes:PBL) cell ratio. Proliferation was determined by CFSE 
(Biolegend) dilution using flow cytometry. Each condition was done in quadruplicate. 
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Monocytes from peripheral blood of healthy donors or TB patients were stimulated or 
not for 24 hr. with irradiated-Mtb at a MOI of 1. Besides, human allogeneic CD4+ T 
lymphocytes from HS donors were purified by negative selection using a MACS 
isolation kit (Miltenyi), and were labeled with CFSE (5 μM; Molecular Probes). 
Thereafter, stimulated and nonstimulated-monocytes were cocultured with CFSE-
labeled allogeneic CD4+ T lymphocytes at a 1:10 (monocytes:T cell) ratio for 4 days. 
Proliferation was determined by CFSE dilution.  
 
Immunoblot analyses 
Total protein lysates were extracted as previously described (Troegeler et al., 2014). 
After protein transfer, membranes were incubated overnight at 4°C with rabbit 
monoclonal anti-phosphoY705-STAT3 and anti-STAT3 (Cl: D3A7 and D1A5 
respectively; Cell Signaling Technology) or a monoclonal anti-Actin (20-33; Sigma-
Aldrich). Proteins were visualized with the Immobilon Western kit (EMD Millipore). 
Band intensity was quantified using Adobe Photoshop CS3 software.  
 
siRNA gene silencing & inhibitor  
The siRNA gene silencing in monocytes were performed using reverse transfection 
approach as previously described (Troegeler et al., 2014). Briefly, human primary 
monocytes were transfected using the HiPerfect system (Qiagen) and an ON-
TARGETplus SMARTpool siRNA targeting Hck, STAT-3, or a non-targeting siRNA 
(control) (Dharmacon) with a final concentration of siRNA at 200 nM. Transfected 
cells were then incubated for three days in RPMI-1640 supplemented with 10% FBS 
and 10 ng/mL M-CSF and then either used for 3D migration assay or left for 
additional 72 hr in presence of cmCTR or cmMTB diluted vol/vol in RPMI-1640 
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medium. Six days after transfection, this protocol resulted in efficient STAT-3 and 
Hck depletion between a range of 49-80 % and 56-95 %, respectively. In some 
experiments, JAK/STAT-3 signaling pathway was inhibited by adding Cucurbitacin I 
(50nM, Sigma-Aldrich) to cell cultures. DMSO alone was used as control.   
 
Histological analyses 
Paraffin embedded tissue samples were sectioned and stained with hematoxylin and 
eosin or sirius red for histomorphological analysis (Table S5). Histopathological 
scoring of Mtb lesions in NHPs was assessed by a pathologist with extensive 
experience in human pathologies (T. Al Saati) using a worksheet in which 
tuberculosis disease from lung biopsies was described (Lin et al., 2009). 
Immunohistochemical staining was performed on paraffin-embedded tissue sections, 
using polyclonal and monoclonal primary antibodies summarized in table S6. 
Immunostaining of paraffin sections was preceded by different antigen unmasking 
methods. After incubation with primary antibodies, sections were incubated with 
biotin-conjugated polyclonal anti-mouse or anti-rabbit immunoglobulin antibodies 
followed by the streptavidin-biotin-peroxidase complex (ABC) method (Vector 
Laboratories) and then were counter-stained with hematoxylin. Slides were scanned 
with the Panoramic 250 Flash II (3DHISTECH). For confocal microscopy, samples 
were stained with primary antibodies as described above and followed by anti-mouse 
IgG isotype specific or anti-rabbit IgG antibodies labeled with Alexa488 and Alexa555 
(Molecular Probes). Samples were mounted with Prolong® Antifade reagent 
(Molecular Probes) and examined using a 40x/0.95N.A. objective of an Olympus 
FV1000 confocal microscope. Average of CD163+ macrophages expressing CD16 
was calculated on biopsies from 2 NHPs with severe pathology (264 cells counted). 
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Table S1: Clinical data of tuberculous (TB) Patients and Healthy Subjects (HS) 
Clinical characteristics of human subjects; Pulmonary TB, denotes patients with pulmonary 
TB detection; and TB pleurisy, denotes patients with TB pleural cavity formation. AFB in 
sputum: 1+, 2+, 3+ AFB are defined according to the International Union Against 
Tuberculosis and Lung Disease (IUATLD)/World Health Organization (WHO) quantification 
scale. Abbreviations: PB, peripheral blood; PE, pleural effusion fluid. 
 
 
Table S2: Characteristics of the Buruli ulcer patients 
Patient Sex Age Site of lesion Treatment 
Time span between initiation 
of treatment and excision 
(day) 
1 F 12 Knee/leg S/R 40 
2 F 50 Knee S/R 29 
3 F 5.5 Arm S/R 30 
S/R: streptomycin and Rifanpicin 
 
Table S3: Monoclonal anti-human antibodies used for flow cytometry analyses 
Antigen Clone number Supplier 
CD16 3G8 Biolegend 
PD-L1 29E.2.A3 Biolegend 
CCR2 TG5 Biolegend 
CX3CR1 2A9-1 Biolegend 
CD14 M5E2 Biolegend 
CD163 GH1/61 BD Biosciences 
CD86 FUN-1 BD Biosciences 
CD86 2331 BD Biosciences 
CD64 10.1 BD Biosciences 
MR 19.2 BD Biosciences 
DC-SIGN DCN46 BD Biosciences 
Mer-TK 125518 R&D system 
HLA-DR HL-38 Santa Cruz Biotechnology 
IFN B27 Molecular Probes 
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Table S4: Human primer sequences used in qPCR analysis 
Gene name Forward Reverse 
IL10 5'-ACTTTAAGGGTTACCTGGGTTGC-3' 5'-TCACATGCGCCTTGATGTCTG-3' 
TGFB1 5'-GCAACAATTCCTGGCGATACCTC-3' 5'-AGTTCTTCTCCGTGGAGCTGAAG-3' 
TNF 5'-ATGAGCACTGAAAGCATGATCC-3' 5'-GAGGGCTGATTAGAGAGAGGTC-3' 
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*Of note, bacterial burden evaluation is currently in progress  
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Table S6: Antibodies used for histological analysis: 
Antigen Clone 
Number 




CD68 KP1 mouse 
mAb 
Dako 1:100 1 hr HIER/Citrate 
pH6/MO 
CD16 DH7 mouse 
mAb 
Leica/Novocastra 1:100 O/N HIER/Citrate 
pH6/MO 
CD163 10D6 mouse 
mAb 
Leica/Novocastra 1:100 1 hr HIER/Citrate 
pH6/MO 


























mAb: monoclonal antibody. 
Ab: antibody. 
MO : Boiling in microwave oven twice 10 minutes each. 
WB: Heating in water-bath 95°C/40 minutes. 




















A.  Nouveau protocole d’extinction des gènes dans les monocytes, 
macrophages et les cellules dendritiques 
 
Au cours de notre étude, nous avons optimisé, conjointement avec l’équipe d’Olivier 
Neyrolles, une méthode de siRNA, permettant d’éteindre efficacement l’expression de 
protéines dans les macrophages, cellules dendritiques et les monocytes humaines primaires. 
Cette étude ouvre donc la voie pour l’exploration des fonctions biologiques de nombreuses 
protéines humaines. 
Les phagocytes mononucléés ont été intensivement étudiés ces dernières années mettant en 
évidence l’importance de ces cellules dans de nombreux processus physiopathologiques. Encore 
aujourd’hui, de nombreuses fonctions des phagocytes restent mal connues et l’identification de 
facteurs contrôlant ces fonctions dans différents contextes inflammatoires représente donc un 
enjeu thérapeutique. Afin d’étudier les conséquences de l’inhibition de gènes/protéines, 
différentes techniques de transfection de siRNA ont été développées: les transfections virales, 
l’électroporation et les transfections utilisant les liposomes. Les transfections virales sont 
techniquement les plus efficaces pour assurer l’introduction des siRNA dans les cellules. 
Cependant, l’infection de cellules du système immunitaire inné par des particules virales induit 
de nombreux effets inflammatoires et immunogènes non spécifiques, comme cela est très bien 
décrit pour les cellules dendritiques (Gao and Huang, 2009; Roth et al., 2002). Afin de limiter les 
conséquences des méthodes utilisant des virus, d’autres techniques de transfections, comme 
par exemple l’électroporation, sont utilisées. Les techniques d’électroporation consistent à 
appliquer un champ électrique qui déstabilise de façon transitoire les membranes cellulaires 
permettant ainsi l’entrée des siRNA dans les cellules (Nishikawa et al., 2014). Cette technique 
est applicable à un grand nombre de type cellulaire mais cause généralement une mortalité 
cellulaire importante (Tsong, 1991). De plus, cette méthode requiert du matériel particulier et 
un savoir-faire de la part de l’expérimentateur afin de paramétrer les conditions 
d’électroporation. Enfin, la méthode la plus utilisée est la transfection par des liposomes. Les 
liposomes sont des micelles possédant des propriétés structurelles analogues à celles des 
membranes cellulaires leur permettant de fusionner avec elles et de libérer  les siRNA à 
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l’intérieur de la cellule. Cette technique est efficace et très reproductible dans de nombreux 
types cellulaires mais peu de protocoles sont disponibles dans la littérature concernant 
l’utilisation de cette technique dans les macrophages et les cellules dendritiques, et aucune 
étude n’a été publiée avec les monocytes. Nous avons donc, sur la base de l’utilisation de la 
technique de transfection par liposomes, optimisé différents protocoles permettant d’éteindre 
efficacement l’expression de gènes dans les macrophages d’une part, et dans les cellules 
dendritiques et les monocytes d’autre part, sans altérer la survie des cellules(taux de mortalité 
inférieur à 5%) et leurs principales fonctions telles que la différenciation, la migration, et la 
phagocytose. Au cours de ce travail, nous avons également développé une méthode de 
« double transfection » permettant d’inhiber simultanément l’expression de deux protéines. Ce 
protocole permettra de caractériser les redondances fonctionnelles et/ou les phénomènes de 
compensation qu’il peut exister entre les gènes dans les cellules. 
De plus, cette méthode constitue un outil précieux pour valider chez l’homme des données 
obtenues grâce à des modèles de souris déficientes pour un gène d’intérêt. En effet, l’équipe a 
publié en 2010 que les macrophages issus de souris hck-/- présentent un défaut de migration 
(Cougoule et al., 2010). Dans cette étude, non seulement nous validons le rôle de Hck dans la 
migration des macrophages humains mais nous étendons aussi cette fonction aux monocytes. 
Ainsi, notre étude propose des protocoles « prêts à l’emploi » pour l’étude de la fonction de 
protéines dans les phagocytes humains primaires. L’utilisation de ces protocoles m’a permis, 
entre autres, d’étudier l’effet de N-WASP dans la capacité des macrophages à phagocyter M. 
tuberculosis (Bettencourt et al., 2013) ainsi que le rôle du facteur de transcription STAT3 dans la 
polarisation des monocytes lors d’une infection par M. tuberculosis, dont je discuterai plus tard 
(manuscrit en préparation). Ces protocoles sont maintenant utilisés en routine au sein de nos 
deux équipes (Lefevre et al., 2013) ;  Vérollet C. et al., manuscrit soumis ; Bouissou A. et al, 
manuscrit en préparation ; Lugo-Villarino G et al. , manuscrit en préparation).   
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B. Profils cellulaires et moléculaires des processus résolutifs dans un 
modèle de péritonite induite par des facteurs de type DAMPs 
 
Au cours de notre étude, nous avons mis en évidence pour la première fois, les mécanismes de 
résolution impliqués lors d’une péritonite induite par un stimulus non microbien (ici, le 
thioglycolate, ou TG). Nous avons observé que bien que les mécanismes de résolution suivent 
un processus général (apoptose des neutrophiles, efferocytose, sécrétion de médiateurs pro-
résolvants), certains paramètres résolutifs sont dépendants de la nature du stimulus initiant 
l’inflammation.  
 
Quels sont les mécanismes de résolutions spécifiques des DAMPs et des PAMPs ? 
La première indication mettant en évidence des différences de mécanismes résolutifs 
entre une inflammation induite par des PAMPs et celle induite par des DAMPs est la cinétique 
de disparition des neutrophiles dans la cavité péritonéale reflétée par un intervalle de 
résolution (Ri) presque deux fois plus long. En effet, bien que le nombre de neutrophiles 
recrutés dans la cavité péritonéale suite à une injection de TG soit plus bas que celui induit par 
l’injection de zymosan (Fernandez-Boyanapalli et al., 2010; Li et al., 2013) la disparition des 
neutrophiles est plus lente dans le modèle TG. Ces résultats suggèrent que (i) l’induction de 
l’apoptose des neutrophiles, (ii) les mécanismes d’efferocytose ou (iii) les deux phénomènes 
sont retardés dans un modèle d’inflammation non-microbienne, comparé à une inflammation 
d’origine microbienne.  
Une  étude menée par Zheng L. et collaborateurs a montré que l’activité des macrophages 
stimulés par des neutrophiles apoptotiques est modulée en fonction de la nature du stimulus 
inducteur de l’apoptose (irradiation ou bactérie pathogène) (Zheng et al., 2004). En effet, 
contrairement aux neutrophiles apoptotiques induit par irradiation, les neutrophiles 
apoptotiques induit par des micro-organismes pathogènes régulent positivement l’expression 
des protéines de choc thermique telles que HSP60 et HSP70, lesquelles stimulent l’activité 
phagocytaire des macrophages. Il serait donc intéressant de comparer l’expression de HSP60 et 
104 
 
HSP70 entre une inflammation induite par le TG et le zymosan afin de déterminer si des 
variations de l’expression de ces protéines pourraient expliquer l’élimination plus rapide des 
neutrophiles apoptotiques au cours d’une inflammation induite par des PAMPs.   
Une autre caractéristique de l’inflammation induite par les DAMPs est l’intensité des 
certains médiateurs pro-résolvants. Il est tout d’abord intéressant de noter que, de façon 
similaire à la péritonite induite par le zymosan (Chiang et al., 2012; Schwab et al., 2007), nous 
retrouvons, aux temps précoces, des médiateurs pro-inflammatoires (LTB4, PGE2) puis des 
médiateurs pro-résolvants au cours de la phase de résolution (lipoxines, résolvines, protectines 
et marésine) dans la cavité péritonéale de souris injectées par du TG. Les facteurs RvD2 et PD1 
sont les plus fortement représentés dans le modèle TG. Ces médiateurs sont dérivés des acides 
gras oméga 3 polyinsaturés et favorisent la réparation tissulaire. Par exemple, dans des modèles 
de brûlure chez la souris, l’injection de RvD2 améliore considérablement la vascularisation et 
par conséquent diminue les risques d’occlusion vasculaire par thrombose et les nécroses 
cutanées associées (Bohr et al., 2013). La PD1 est également connue pour son rôle protecteur 
sur les cellules neuronales et les cellules épithéliales de la rétine lors de stress oxydatifs (Bazan, 
2005). Ces résultats suggèrent que l’inflammation induite par l’interaction des DAMPs avec le 
récepteur RAGE pourrait conduire préférentiellement à la production de médiateurs impliqués 
dans les mécanismes de réparation tissulaire.  
Enfin, de façon intéressante, alors que la production de médiateurs de la résolution est 
transitoire au cours de la phase de résolution, la production de RvD5 reste continue pendant 5 
jours. Dans les modèles de péritonite microbienne, RvD5 est produite de façon transitoire 
(Chiang et al., 2012; Dalli et al., 2013a), et stimule l’activité bactéricide des neutrophiles et des 
macrophages et de plus, diminue l’expression de gènes pro-inflammatoires, fonctions 
essentielles pour l’élimination des pathogènes (Chiang et al., 2012). Ainsi, nos résultats 
montrent que la nature de l’agent inflammatoire régule différemment la production de RvD5. 
Puisque l’inflammation par le TG n’implique pas une réponse de type PAMPs, il est donc 
possible que RvD5 soit régule d’autres processus que les mécanismes microbicides. Bien que la 
RvD5 semble jouer un rôle central dans l’inflammation induite par les DAMPs, l’étude du rôle de 
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ce médiateur est actuellement impossible car il n’est malheureusement pas disponible 
commercialement. 
 
En parallèle de la réponse inflammatoire induite au niveau de la cavité péritonéale, nos 
données mettent également en évidence la présence de mécanismes résolutifs s’opérant dans 
les tissus adjacents la cavité péritonéale et notamment dans l’épiploon, un tissu adipeux 
bordant la cavité péritonéale. Au cours des premières 72 heures suivant l’injection de TG, nous 
avons observé le recrutement de neutrophiles, puis de monocytes/macrophages et enfin la 
disparation progressive de neutrophiles. Ces résultats nous ont permis de calculer les indices de 
résolution dans le tissu et de façon intéressante, nous avons noté que les indices de résolution 
dans l’épiploon sont comparables à ceux de la cavité péritonéale, suggérant que des processus 
résolutifs similaires à la cavité péritonéale opèrent dans ce tissu. Néanmoins, de façon 
surprenante, contrairement à la cavité péritonéale où le nombre et la composition cellulaire 
retourne à l’homéostasie 10 jours après l’initiation de l’inflammation, des leucocytes 
(macrophages et lymphocytes principalement) persistent plusieurs semaines dans l’épiploon. Ce 
phénomène est un processus conservé puisque la persistance de leucocytes est également 
observée suite à l’injection de zymosan. Néanmoins, en fonction de la nature du stimulus, nous 
avons remarqué la persistance de différents types cellulaires: alors que des macrophages M2 
(ARG1+) et des lymphocytes B persistent après l’injection de TG, des macrophages M1/M2 
(iNOS+/ARG-1+) et des lymphocytes T sont présents après une injection de zymosan. Ces 
observations génèrent quelques questions que nous allons essayer de discuter.  
 
Existe-t-il un lien entre la polarisation des macrophages M2 dans les tissus et les facteurs 
sécrétés au cours de la réponse inflammatoire induite par thioglycollate ? 
Parmi les facteurs clés contrôlant la polarisation des macrophages vers un phénotype M2 
(ARG1+), l’IL-4 est une cytokine majeure. D’intéressants travaux portant sur le rôle des 
macrophages du tissu adipeux montrent qu’en condition physiologique, les éosinophiles sont 
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recrutés dans les tissus via un mécanisme dépendant des intégrines, sécrètent de l’IL-4, 
maintiennent la polarisation des macrophages vers un profil M2 (alternative-activated 
macrophages, ou AAM), et participent aux recrutements de lymphocytes T régulateurs (Treg). 
Ces évènements sont essentiels pour le contrôle de l’homéostasie métabolique (Figure 30). La 
diminution du nombre d’éosinophiles recrutés dans le tissu adipeux de souris obèses, conduit à 
la mise en place d’un environnement pro-inflammatoire caractérisé par l’augmentation (i) du 
nombre de macrophages M1 (ou classical-activated macrophages, CAM), (ii) de lymphocytes T 
CD8 et (iii) des cytokines pro-inflammatoires (TNF et d’IL-6). Cet environnement conduit à des 
syndromes métaboliques importants (Wu et al., 2011a) (Figure 30) 
 





L’inflammation induite par le thioglycollate est caractérisée par une accumulation 
d’éosinophiles à la fois dans la cavité péritonéale et dans les tissus (données non montrées). La 
présence de macrophages M2 (ARG1+) pourrait donc être la conséquence de la présence 
d’éosinophiles dans l’épiploon. Puisque nous avons noté une très faible quantité d’IL-4 dans la 
cavité péritonéale, nous avons initié, en collaboration avec M. Dubourdeau, l’analyse de 
l’expression de l’IL-4 dans l’épiploon afin de déterminer s’il existe une corrélation entre la 
production de cette cytokine et la polarisation M2 des macrophages. Si une telle corrélation est 
mise en évidence, il serait alors intéressant de bloquer le recrutement des éosinophiles (par 
l’utilisation d’anticorps dirigés contre les intégrines) puis d’évaluer les conséquences sur la 
polarisation des macrophages tissulaires et la cinétique de résolution dans les tissus. 
Certains médiateurs de la résolution sont également connus pour moduler la 
polarisation des macrophages. Parmi ces médiateurs, RvD1 et MaR-1, deux facteurs issus du 
DHA sont de puissants inducteurs de macrophages M2. En effet, l’ajout in vitro de RvD1 sur des 
macrophages d’origine murine (i) stimule l’expression d’ARG-1 dans (ii) augmente la capacité de 
ces cellules à phagocyter des corps apoptotiques et (iii) diminue la capacité  des macrophages à 
sécréter des facteurs pro-inflammatoires après stimulation par le LPS (Titos et al., 2011). De 
plus, l’ajout in vivo de DHA (précurseur de la RvD1) oriente les macrophages du tissu adipeux de 
l’épididyme vers un profil M2 (ARG1+YM1+CD206+)  (Titos et al., 2011). De même, l’ajout in vitro 
de MaR-1 sur des macrophages humains augmente l’expression de CD206 et CD163, deux 
marqueurs M2 (Dalli et al., 2013b). L’ensemble ces résultats suggèrent que les médiateurs issus 
du DHA jouent un rôle majeur dans la polarisation des macrophages au cours de résolution. 
L’inflammation induite par le TG est caractérisée par l’expression de différents médiateurs issus 
du DHA dont RvD1 et MaR-1 qui pourrait jouer un rôle majeur dans la polarisation des 
macrophages dans l’épiploon. De plus, l’inflammation par le TG est aussi caractérisée par une 
forte expression de RvD2, un autre médiateur issu du DHA dont la fonction est peu connue. Afin 
de déterminer si RvD2 pourrait jouer un rôle dans la polarisation des macrophages tissulaires, 
des études sont en cours afin d’évaluer tout d’abord in vitro la capacité de ce médiateur à 
stimuler un programme M2 dans les macrophages. Enfin, nous envisageons d’évaluer in vivo, 
sur des modèles d’inflammation de type Th1 (inflammation induite par le zymosan ou LPS) la 
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capacité de ce médiateur à moduler le phénotype des macrophages dans l’épiploon, et les 
conséquences d’une modification de la polarisation des macrophages sur les mécanismes de 
résolution. La découverte de nouveaux facteurs permettant de contrôler la polarisation des 
macrophages dans les tissus est intéressante car ils permettraient d’orienter les mécanismes de 
résolution de l’inflammation.  
 
Quel est pourrait être le rôle des macrophages tissulaires persistants dans l’épiploon ? 
 La mémoire immunologique a toujours été considérée comme une caractéristique de 
l’immunité adaptative. Aujourd’hui, ce concept est revisité et il est considéré que le système 
immunitaire innée est lui aussi capable d’assurer une mémoire immunologique (Goulding et al., 
2007; Netea, 2013). Les preuves d’une mémoire « innée » ont été mises en évidence chez des 
organismes ne possédant pas de système immunitaire adaptatif (plantes, les invertébrés et les 
mammifères immunodéprimés), mais capable de contrôler plus efficacement une infection 
secondaire induite par un même pathogène ou un pathogène différent (Netea et al., 2011). 
Cette mémoire « innée » est majoritairement assurée par les macrophages et les cellules NK. 
Nous faisons l’hypothèse que les macrophages présents dans l’épiploon pourraient jouer un rôle 
dans ce processus. Pour valider cette hypothèse, il serait intéressant, au pic des macrophages 
dans les tissus (3 semaines après l’injection du TG ou du zymosan) d’infecter des souris, wild-
type ou déficientes pour les lymphocytes T et/ou B,  avec un pathogène (p. ex.  : E.coli) et 
d’évaluer 1/ l’effet protecteur ou délétère d’une inflammation préalable et 2/ les différences 
entre TG et Zymosan. Si les macrophages persistants dans l’épiploon jouent un rôle dans la 
mémoire innée, les souris préalablement stimulées devraient être capables de contrôler plus 
efficacement la prolifération du pathogène que des souris n’ayant pas reçu d’injection 
préalable. Enfin, ces expériences permettront de déterminer l’influence de la polarisation des 
macrophages sur la mémoire innée. 
Enfin, nous ne pouvons exclure le fait que les processus d’élimination des macrophages 
persistants dans l’épiploon soit plus long que ceux mis en jeu dans la cavité péritonéale Afin de 
tester cette hypothèse, des inflammations d’intensités différentes pourraient être réalisées et la 
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cinétique de disparition des macrophages évaluée. Dans le modèle du zymosan, une 
inflammation induite par 0,1 mg de zymosan est considéré comme une inflammation aigue de 
faible intensité, l’injection de 1mg de zymosan induit une inflammation aigüe d’intensité 
modérée et 10mg, une inflammation chronique (Leichman and Berry, 1991). Si l’élimination des 
macrophages dans les tissus est un processus long, la cinétique de disparition des macrophages 
devrait être comparable entre les 3 types d’inflammation. Dans le cas contraire, le nombre de 
macrophages persistants devrait être dépendant du niveau de l’inflammation. 
 
Pour conclure, parce que le modèle du TG induit des processus de résolution généraux, 
l’utilisation de ce modèle pour l’étude des mécanismes de résolution est donc pertinente. De 
plus, la comparaison des processus résolutifs entre un modèle d’inflammation non microbien et  
microbien a permis de révéler la présence de paramètres de la résolution dépendant de la 
nature du stimulus. Enfin, la découverte de processus résolutifs dans les tissus adjacents le site 
inflammatoire et de macrophages persistants ouvrent la voie à l’exploration de nouveaux 




C.  L’activation contrôlée par STAT3 des monocytes/macrophages 
vers un profil M2 favorise la persistante de M. tuberculosis.  
  
Au cours de ce projet, nous avons mis en évidence in vitro, que les facteurs sécrétés par 
les macrophages infectés par M. tuberculosis influencent, via STAT3, la différenciation de 
monocytes humains primaires vers un programme immuno-régulateur M2c 
(CD16+CD163+MerTK+). Ces cellules sont plus motiles, immunosuppressives et permissives à la 
prolifération bactérienne. In vivo, nous avons caractérisé la présence de macrophages 
(CD16+CD163+MerTK+) chez des patients infectés par M. tuberculosis et corrélé chez les 
macaques, l’abondance de ces cellules avec la sévérité de la pathologie.    
 
Quels gènes régulés par STAT3 pourraient contrôler les fonctions associées au programme M2 ? 
Nos résultats indiquent que le facteur de transcription STAT3 joue un rôle essentiel dans 
l’induction du programme M2c dans les monocytes en culture dans le microenvironnement 
infectieux. Cependant, nous ne savons pas quels pourraient être les gènes régulés par STAT3 
impliqués la migration, l’immunosuppression et la permissivité des monocytes/macrophages. 
Afin de déterminer quels pourraient les gènes régulés par STAT3, deux stratégies sont possibles. 
La première stratégie vise à identifier en premier lieu les facteurs qui contrôlent les 
fonctions des macrophages M2c. Une fois les facteurs caractérisés, le rôle de STAT3 dans la 
régulation de leur expression peut être évalué.  
Parmi les facteurs qui pourraient être impliqués dans la migration, nous ciblons en priorité les 
gènes impliqués dans le remodelage de la matrice : MMP9, MMP1, MT1-MMP, …, (Newby, 
2006)En effet, la production de MMP9 a déjà été corrélée, chez la souris et dans le modèle du 
poisson zèbre, avec le recrutement des macrophages et la formation du granulome (Taylor et 
al., 2006; Volkman et al., 2010). La MMP1 a également été dosée dans le lavage broncho-
alvéolaire chez les patients présentant une tuberculose active et de plus la surexpression de 
MMP1 chez des souris transgéniques induit de sévères dommages tissulaires pulmonaires 
(Elkington et al., 2011; Kuo et al., 2008). La modulation de ces métalloprotéases par STAT3 
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pourrait donc représenter des stratégies thérapeutiques intéressantes pour limiter les 
dommages tissulaires et les séquelles suite à une tuberculose.  
Parmi les facteurs pouvant jouer un rôle dans l’établissement du phénotype 
immunosuppressifs, nous nous intéressons tout particulièrement aux protéines Gas6, Pros-1, 
SOCS1 et SOCS3. En effet, Pros-1 et Gas6 sont connues pour inhiber l’expression des facteurs de 
co-stimulation à la surface des cellules dendritiques lesquelles diminuent leur capacité à activer 
des lymphocytes T (Lemke and Rothlin, 2008; Rothlin et al., 2007). De plus, ces gènes sont 
également impliqués dans la régulation de la fonction de MerTK, récepteur impliqué dans la 
phagocytose de corps apoptotiques (Zizzo et al., 2012) et fortement exprimé dans les 
monocytes conditionnés par le cmMTB. Dans les macrophages M2, l’augmentation du ratio 
SOCS1:SOCS3 inhibe la sécrétion de facteurs pro-inflammatoires (tel que le TNF, IL-12, IFN) 
par les macrophages (Briken and Mosser, 2011; Carrera Silva et al., 2013).  De plus, les souris 
SOCS3-/- montrent une susceptibilité accrue aux infections (Carow et al., 2013). Il serait donc 
intéressant d’évaluer l’expression de ces marqueurs en présence et en absence de STAT3, afin 
de mieux comprendre le phénotype immunosuppressif observé dans notre modèle.  
Enfin, les mécanismes impliqués dans la permissivité des macrophages à la croissance 
bactérienne pourraient résulter de l’activité inhibitrice de l’IL-10 sur la fusion phagolysosome 
(Redpath et al., 2001) et de l’induction de l’ARG1 lequel est connu pour diminuer la production 
d’oxyde nitrique (Qualls et al., 2010; Schreiber et al., 2009). Afin de mieux comprendre 
comment STAT3 modifie la capacité des macrophages à contrôler l’infection, il serait intéressant 
d’évaluer le rôle de STAT3 dans l’expression d’ARG1 mais aussi de facteurs impliqués dans la 
maturation du phagosome tels que : Rab4, Rab5, Rab7 (Imbuluzqueta et al., 2010). 
Par ailleurs, le métabolisme est un composant clé de la fonction et la polarisation des 
macrophages (Biswas and Mantovani, 2012). En effet, les macrophages M1 et M2 se distinguent 
par des états métaboliques distincts : contrairement aux macrophages M1, les macrophages M2 
sont caractérisés par une forte expression de LTA4H, PTGS1 et ALOX5, une haute capacité à 
internaliser des acides gras, assurant ainsi leur capacité anti-inflammatoire. Il serait donc très 
intéressant d’évaluer l’activation des voies métaboliques dans les monocytes conditionnés avec 
le cmMTB, et évaluer le rôle de STAT3 dans cette signature métabolique. Ces résultats 
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permettraient d’identifier de nouvelles cibles capables de moduler la polarisation des 
macrophages dans un contexte infectieux et de déterminer si l’immuno-métabolisme pourrait 
jouer un rôle dans les mécanismes immunosuppressifs observés lors des phases actives de la 
tuberculose.   
La deuxième stratégie consiste à identifier, par une approche globale, l’ensemble des 
gènes régulés par STAT3 dans les monocytes traités avec le cmMTB puis de cibler et de 
caractériser ceux qui pourraient contrôler les fonctions les macrophages M2c. Cette stratégie 
est actuellement en cours en collaboration avec la plateforme Génome et Transcriptome (GeT) 
à l’Institut National des Sciences Appliquées (INSA) à Toulouse, dirigée par le Dr. Le Berre. 
 
Comment peut-on expliquer le rôle immunosuppresseur des monocytes issus de patients 
tuberculeux et l’absence d’un phénotype M2 sur ces mêmes cellules ? 
Nos résultats indiquent que les monocytes cultivés avec le cmMTB présentent une forte 
expression des marqueurs M2c (CD16, CD163 et MerTK) et des propriétés immunosuppressives. 
Chez les patients tuberculeux, (i) le phénotype des monocytes circulants changent 
(augmentation du nombre de CD14+CD16+) (Balboa et al., 2011) et (ii), de façon concordante à 
nos résultats générés in vitro, les monocytes de patients tuberculeux sont caractérisés, au 
niveau fonctionnel, par un défaut d’activation des lymphocytes Th1, comparés aux monocytes 
de donneurs sains. Cependant, contrairement à l’augmentation de l’expression de CD16, les 
marqueurs de type M2c (CD163 et MerTK) à la surface des monocytes issus de patients infectés 
ne sont pas augmentés. Toutefois, l’expression de CD163 et MerTK sur les monocytes issus de la 
cavité pleurale de donneurs infectés est augmentée ainsi que sur les biopsies de poumons 
infectés. De ces observations, plusieurs scénarios sont possibles : 
(1) L’acquisition des marqueurs CD163 et MerTK se produit au niveau du site infectieux, 
grâce à la présence et/ou la forte concentration de molécules capables d’induire leur expression 
(p.ex. : TGF, IL-10) 
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(2)  Comme nous avons pu le voir dans nos résultats in vitro, les monocytes 
CD16+CD163+MerTK+ sont caractérisés par une forte capacité à migrer. L’acquisition de ces 
marqueurs sur les monocytes pourrait également stimuler leur migration et déclencher leur 
départ de la circulation vers le site infectieux. Cette propriété pourrait expliquer pourquoi nous 
sommes incapables d’évaluer la présence de ces monocytes dans le sang et au contraire 
l’accumulation de ces cellules dans les foyers inflammatoires. 
(3) Enfin, il est possible que CD163 et MerTK soient clivés  au cours de l’inflammation. En 
effet, CD163 et MerTK sont des récepteurs exprimés à la surface des monocytes et sont très 
facilement clivés en conditions inflammatoires par des métalloprotéinases telles que ADAM10 
et ADAM17 (Etzerodt et al., 2010). Dans le cas des patients HIV, l’augmentation de CD163 
soluble dans le sérum (i) est inversement proportionnel à l’expression de CD163 sur les 
monocytes CD16+ et (ii) corrèle avec la sévérité de la pathologie (Burdo et al., 2011). Chez les 
patients atteints de polyarthrite rhumatoïde et de lupus, le nombre de monocytes CD16+ 
corrèlent également avec les formes solubles de CD163 et MerTK (Wu et al., 2011b; Zizzo et al., 
2013) . Donc dans différents contextes inflammatoires in vivo, les monocytes CD14+CD16+ sont 
capables de réguler positivement l’expression de CD163 et MerTK à leur surface lesquels sont 
clivés par des protéases. Des mécanismes similaires pourraient donc se mettre en place chez les 
patients atteints de tuberculose. Grâce à la collaboration initiée avec le laboratoire du Dr MC. 
Sasiain à Buenos Aires en Argentine, nous possédons actuellement une banque de sérum de 
patients tuberculeux présentant différents niveau de sévérité de la pathologie sur lesquels nous 
allons réaliser le dosage de l’expression des formes solubles de CD163 et de MerTK. Ces 
résultats nous permettrons (i) de déterminer si l’absence de phénotype M2 observé chez les 
patients infectés est la conséquence de mécanisme de clivage  et (ii) si les formes solubles de 
CD163 et MerTK peuvent être considéré, de façon similaire aux patients infectés par HIV, 
comme des marqueurs de sévérité de la tuberculose.  
(4)  
Est-ce que le facteur STAT3 peut être considéré comme une cible thérapeutique ? 
Notre étude montre que la sévérité de la pathologie est associée à l’accumulation de 
monocytes M2c sur le site inflammatoire. Cependant, notre étude ne permet pas de déterminer 
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si l’accumulation de ces cellules est la cause ou la conséquence de la pathologie. Afin de 
considérer STAT3 comme une cible thérapeutique prometteuse, plusieurs mécanismes doivent 
être  encore clarifiés :  
1. En 2009, Volkman HE a mis en évidence le rôle du locus RD1 exprimé par la 
mycobactérie virulente dans le contrôle du recrutement des macrophages sur le site infectieux 
et la formation du granulome (Volkman et al., 2010). Le travail mené par Cambier C.J a 
également montré que les lipides de l’enveloppe mycobactérienne (PDIM et PGL) contrôlent le 
recrutement de monocytes immunosuppressifs afin de favoriser sa survie (Cambier et al., 2014). 
Ces résultats ont été obtenus dans le modèle du poisson zèbre mais aucune donnée chez 
l’Homme ne permet aujourd’hui de valider ces mécanismes. Nos résultats montrent qu’il est 
possible de contrôler le recrutement et la polarisation des macrophages en inhibant l’expression 
de STAT3 dans ces cellules. Il serait donc intéressant de déterminer si les mutants atténués de 
M. tuberculosis (délétion du locus RD1, délétion des PGLs ou des PDIM) sont capables  (i) de 
contrôler la migration et (ii) la polarisation des monocytes et (iii) de moduler l’expression de 
STAT3 dans ces cellules. Si la bactérie virulente contrôle le recrutement et/ou la polarisation des 
monocytes humains primaires via STAT3, l’inhibition pharmacologique de ce facteur pourrait 
donc être considérée comme une cible intéressante pour inhiber l’effet d’une bactérie virulente 
et assurer une réponse inflammatoire plus efficace. Cette hypothèse est en train d’être évaluée 
en collaboration avec l’équipe de Christophe Guilhot à l’IPBS, spécialiste des lipides de 
l’enveloppe mycobactérienne et qui met à notre disposition un certain nombre de mutants. 
2. Lors d’une réponse inflammatoire dont l’objectif est de contrôler l’infection, l’organisme 
met également en place des mécanismes de tolérance afin de limiter les dommages tissulaires 
liés à l’inflammation (Medzhitov et al., 2012). Les mécanismes de tolérances sont également 
associés à l’orientation des macrophages vers un phénotype M2 (Cambier et al., 2014), lesquels 
sont connus pour contrôler et réparer les  tissus endommagés. Afin de déterminer si la présence 
de cellules M2c dans le contexte infectieux induit par M. tuberculosis est nécessaire à l’hôte 
pour éviter des lésions tissulaires sévères, il serait intéressant d’évaluer la capacité de souris 
transgéniques, où l’expression de STAT3 est spécifiquement inhibée dans les macrophages, à 
contrôler (i) la prolifération bactérienne et (ii) les dommages tissulaires induits par l’infection. 
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Par ailleurs, des inhibiteurs pharmacologiques de STAT3 utilisés en essai clinique chez les 
patients atteint de cancers, pourraient être également utilisés dans des phases tardives d’une 
infection induite par M. tuberculosis afin de valider le rôle protecteur ou délétère de STAT3 sur 
l’hôte. L’analyse de ces résultats permettrait d’évaluer le rôle des monocytes M2c dans la 
tuberculose et si la modification de la polarisation pourrait être ciblée par des stratégies 
thérapeutiques.   
 
Est-ce que les monocytes CD16+ des patients tuberculeux sont les précurseurs des macrophages 
M2c ? 
Un des résultats majeurs de notre étude est la capacité des monocytes à s’orienter vers un 
programme de différenciation M2c en présence du cmMTB. Ce programme est dépendant de la 
présence de l’IL-10 dans le milieu conditionné et l’activation de STAT3 dans les monocytes. De 
façon intéressante, chez l’homme, l’IL-10 peut être dosée dans le sang (Olobo et al., 2001; 
Verbon et al., 1999) et le lavage broncho-alvéolaire (Bonecini-Almeida et al., 2004) de patients 
atteints de tuberculose. L’IL-10 est aussi un marqueur de sévérité de la pathologie (Jamil et al., 
2007). Ainsi, l’augmentation de l’IL-10 dans le sang pourrait être à l’origine de l’expansion de la 
population CD14+CD16+ circulante. D’une part, une corrélation positive existe entre 
l’augmentation du nombre de monocytes circulants CD16+ et la sévérité de la pathologie chez 
les patients TB (Balboa et al., 2011). D’autre part  nos résultats montrent que la sévérité de la 
pathologie est aussi corrélée à l’accumulation de macrophages M2c (exprimant STAT3 activé) au 
niveau de site infectieux. Ces observations suggèrent que, de façon similaire à nos données in 
vitro, les monocytes CD14+CD16+ de patients tuberculeux pourraient être les précurseurs des 
macrophages M2c observés dans les tissus. Afin de valider cette hypothèse, il serait intéressant 
d’étudier la capacité des monocytes CD14+CD16+ de patient tuberculeux à (i) se différencier en 
macrophages, (ii) exprimer des marqueurs de type M2c et (iii) assurer les fonctions associées 





Comment peut-on expliquer que l’accumulation in vivo de cellules M2c (immunosuppressives) 
soit associée à un environnent pro-inflammatoire ? 
Un point fort de notre étude est la corrélation entre le nombre de macrophages M2c 
dans les poumons de macaques infectés et la sévérité de la pathologie. Comme nous l’avons 
montré in vitro, les cellules M2c sont caractérisées par (i) une forte capacité à migrer dans des 
environnements en trois dimensions, (ii) une faible capacité à contrôler la prolifération 
bactérienne et (iii) des propriétés immunosuppressives. De façon concordante avec ces 
résultats, nous observons sur les coupes de poumons infectés une forte corrélation entre 
l’abondance de cellules M2c et la charge bactérienne. Cependant, lors de la phase active de la 
tuberculose, et notamment au niveau des granulomes dans les poumons, de nombreuses 
cytokines pro-inflammatoires (TNF, IFN) sont sécrétées (Cavalcanti et al., 2012). Il est donc 
paradoxal d’associer un environnement riche en macrophages M2c et une réponse pro-
inflammatoire exagérée. Le lupus est caractérisé par un défaut des monocytes à se différencier 
en macrophages capables de phagocyter les corps apoptotiques (Herrmann et al., 1998; Katsiari 
et al., 2010) ; une fonction essentielle assurant les mécanismes de résolution de l’inflammation 
et de tolérance immunitaire. Les cellules apoptotiques non phagocytées deviennent 
nécrotiques, lesquelles activent une réponse pro-inflammatoire. En réponse à ces signaux, de 
nouveaux macrophages sont recrutés, et toujours par leur défaut à éliminer les débris 
apoptotiques induisent une inflammation auto-immune (Herrmann et al., 1998; Zizzo et al., 
2012). Chez les patients atteints de lupus, les monocytes CD14+CD16+ sont caractérisés par la 
perte des facteurs tels que CD163 et MerTK et l’augmentation de l’expression de leurs formes 
solubles dans le sérum (Zizzo et al., 2013). L’expression de MerTK est un récepteur essentiel 
permettant de reconnaitre et phagocyter des corps apoptotiques, et un défaut de l’expression 
de ce marqueur et/ou de l’établissement d’un programme M2c inhibent l’activité phagocytaire 
des macrophages (Zizzo et al., 2012). De plus, l’augmentation de MerTK soluble dans le sang des 
patients atteints de lupus corrèle avec la sévérité de la pathologie et l’augmentation d’auto-
anticorps circulants (Zizzo et al., 2013). Ces résultats suggèrent que le défaut fonctionnel des 
monocytes/macrophages de patients de atteints de lupus est la conséquence d’un défaut de 
polarisation M2. D’après ces résultats, on peut donc envisager que dans le cas de la tuberculose, 
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un défaut de polarisation M2 se met progressivement en place dans les 
monocytes/macrophages, conduisant alors à une réponse inflammatoire exagérée et des  
dommages tissulaires dans les poumons.  
En conclusion, cette étude présente une vue d'ensemble sur la façon dont les signaux 
environnementaux induits par M. tuberuclosis modulent  la lignée des monocyte-macrophages. 
Nous proposons que les monocytes CD14+CD16+ issus de l’environnement infectieux induit par 
M. tuberculosis sont prédisposés à se différencier en macrophages de type M2c 
(immunosuppresseurs), lesquels contribuent à l'établissement d'une infection chronique. En 
effet, nous supposons que la forte abondance des monocytes circulants CD14+CD16+ chez les 
patients tuberculeux ainsi que les macrophages tissulaires CD16+CD163+ présents lors de 
l'infection chronique mycobactérienne pourrait être une tentative de l’hôte pour limiter les 
dommages tissulaires et détournée par la bactérie pour favoriser sa survie. Puisque l'activité de 
STAT3 contrôle la polarisation des macrophages et les mécanismes de tolérance, nous 
proposons que le blocage de courte durée de STAT3 au sein de la lignée monocyte-macrophage 
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Background: Tyrosine phosphorylation of WASP is required for macrophage functions.
Results:WASP phosphorylation is dependent on the Src tyrosine kinase Hck.
Conclusion:Hck is the predominant kinase that phosphorylatesWASP in cells and is required forWASP-dependent functions.
Significance: Although many tyrosine kinases can phosphorylate WASP, Hck appears to be the predominant kinase to phos-
phorylate WASP in macrophages in response to physiological ligands.
We have shown previously that tyrosine phosphorylation of
Wiskott-Aldrich syndrome protein (WASP) is important for
diverse macrophage functions including phagocytosis, che-
motaxis, podosome dynamics, and matrix degradation. However,
the specific tyrosine kinase mediating WASP phosphorylation is
still unclear.Here,weprovide evidence thatHck,which ispredom-
inantly expressed in leukocytes, can tyrosinephosphorylateWASP
and regulates WASP-mediated macrophage functions. We de-
monstrate that tyrosine phosphorylation of WASP in response to
stimulationwithCX3CL1orviaFc receptor ligationwereseverely
reduced inHck/bonemarrow-derivedmacrophages (BMMs)or
in RAW/LR5 macrophages in which Hck expression was silenced
using RNA-mediated interference (Hck shRNA). Consistent with
reduced WASP tyrosine phosphorylation, phagocytosis, che-
motaxis, andmatrix degradation are reduced inHck/BMMs or
Hck shRNA cells. In particular, WASP phosphorylation was pri-
marilymediated by the p61 isoform of Hck. Our studies also show
that Hck and WASP are required for passage through a dense
three-dimensional matrix and transendothelial migration, sug-
gesting that tyrosine phosphorylation ofWASP byHckmay play a
role in tissue infiltrationofmacrophages.Consistentwitha role for
this pathway in invasion, WASP/ BMMs do not invade into
tumor spheroids with the same efficiency as WT BMMs and cells
expressing phospho-deficient WASP have reduced ability to pro-
mote carcinoma cell invasion. Altogether, our results indicate that
tyrosine phosphorylation of WASP by Hck is required for proper
macrophage functions.
Monocyte/macrophage migration is a key step in host
defense and during pathological processes such as atheroscle-
rosis, chronic inflammation, and cancer (1). Monocyte migra-
tion from the circulation to the injured or infected site involves
transmigration through the endothelial barrier and sub-endo-
thelial basement membrane, a process termed transendothelial
migration or diapedesis (2). This is followed by migration into
the interstitial tissues, a three-dimensional environment. These
processes are usually tightly regulated and are required for pro-
tective immunity but when inappropriately activated can result
in chronic inflammatory diseases.
In vivo, macrophages have to migrate in diverse three-di-
mensional environments with heterogeneous compositions
and rigidity (3). Leukocytes can use an amoeboid three-dimen-
sional migration mode, which is independent of proteases for
tissue infiltration (1, 4). Recent studies indicated that macro-
phages use an amoeboid mode to migrate into fibrillar collagen
I but use mesenchymal migration in dense matrices such as
Matrigel or gelled (dense) collagen I requiring matrix degrada-
tion (4, 5). During mesenchymal migration into Matrigel or
gelled collagen I, macrophages formed three-dimensional
podosomes at the tip of cell protrusions, with local proteolysis
of the extracellular matrix (ECM)4 (4, 6). Podosomes have been
linked with the ability of cells to perform chemotaxis and
invade tissues, and both Src family kinases (SFKs) and WASP
are among the proteins that regulate podosome formation
(7–11).
WASP is a hematopoietic cell specific protein and an actin
nucleation promoting factor regulating Arp2/3-dependent
actin polymerization (12).WASP activity is required for several
macrophage functions, in addition to podosome formation
such as efficient fibronectin degradation, phagocytosis, and
chemotaxis (9, 13–15). Remarkably, all of these WASP-medi-
ated functions also require phosphorylation of WASP on tyro-
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sine 291 (human numbering) (9, 14, 15). However, a number of
tyrosine kinases have been demonstrated to phosphorylate
WASP on this important residue (16). Therefore, identification
of the tyrosine kinase required for WASP tyrosine phosphory-
lation is important for understanding the precise signaling cas-
cade mediating these specific macrophage functions.
Among the SFKs, Hck, which is predominantly expressed in
leukocytes, has been shown to phosphorylateWASP at tyrosine
291 in COS cells and this phosphorylation resulted in enhanced
actin polymerization in vitro (17, 18), suggesting Hck may be a
candidate for the phosphorylation of WASP in macrophages.
Interestingly, Hck activation triggers the formation of podo-
some rosettes (11), suggesting that WASP is downstream of
Hck in the signaling pathway leading to actin polymerization in
podosomes (19). Additionally, mesenchymal three-dimen-
sional migration of macrophages in Matrigel and organization
of podosome rosettes are controlled by Hck (5). Diapedesis is
also dependent on SFKs and WASP activity as reported in T
cells, neutrophils,monocytes, dendritic cells, andNKcells (20–
24). Thus, these observations suggest that Hckmight play a role
in WASP tyrosine phosphorylation and for WASP-mediated
monocyte diapedesis and other macrophage functions. Here,
we show that WASP is required for macrophage three-dimen-
sional migration, it is tyrosine phosphorylated by Hck, mostly
by the p61Hck isoform, and this phosphorylation is required for
several macrophage functions, including efficient diapedesis.
EXPERIMENTAL PROCEDURES
Mice—All procedures involving mice were conducted in
accordance with National Institutes of Health regulations con-
cerning the use and care of experimental animals. All experi-
ments were performed according to animal protocols approved
by the animal care and use committee of the Albert Einstein
College of Medicine or the Institut de Pharmacologie et de
Biologie Structurale. Commercially available 129/svJ control
and WASp/ mice (25) were purchased from The Jackson
Laboratory (Bar Harbor, ME). C57B16/J wild-type mice were
purchased from Charles River, Inc. Hck/mice, backcrossed
onto the C57B16/J background, were characterized previously
(26).
Cells, Antibodies, and Reagents—RAW/LR5 cells, derived
from the murine monocyte/macrophage RAW 264.7 cell line
(27), were cultured in RPMI 1640 medium (Mediatech, Inc.)
supplemented with 10% heat-inactivated newborn calf serum
(Sigma) and antibiotics (100 units/ml penicillin, 100 g/ml
streptomycin). Control shRNA, shWASP, and shWASP-RAW/
LR5 cells expressing humanwild-type (WT) ormutant forms of
WASP. All of the WASP rescue cell lines expressed equivalent
levels of the exogenousWASP (Fig. 3 and Ref. 9). Murine bone
marrow-derived macrophages (BMMs) were isolated and pre-
pared according to Ref. 28 andwere grown in -minimal essen-
tial medium containing 15% fetal bovine serum, 360 ng/ml
recombinant human CSF-1 (Chiron, Emeryville, CA) and anti-
biotics. Hck/ bones were a generous gift from Dr. Clifford
Lowell (University of California, San Francisco). 3B11 mouse
endothelial cells were grown inDMEMsupplementedwith 10%
heat-inactivated fetal bovine serum and antibiotics. All cells
were maintained at 37 °C in a 5% CO2 atmosphere. Recombi-
nantmouseCX3CL1was purchased fromR&DSystems. Rabbit
anti-Hck (SC1428), mouse anti-WASP (B9), and protein A/G
plus-agarose beadswere fromSanta Cruz Biotechnology (Santa
Cruz, CA). Anti--actin antibody was from Sigma (clone
AC-15). HRP-conjugated mouse anti-phosphotyrosine (PY20)
was from BD Transduction Laboratories. Rabbit anti-sheep
erythrocyte IgG was from Diamedix (Miami, FL). Secondary
antibodies conjugated to HRP were from Jackson Immuno-
Research Laboratories (West Grove, PA). Alexa Fluor dyes and
conjugated phalloidin and secondary antibodies were from
Molecular Probes.
RNA-mediated Interference—Reduction of Hck expression
was achieved through the retroviral infection of RAW/LR5 cells
with short hairpin RNAs directed against Hck mRNA (sh1,
5-GAAGAGCTCTACAATATCA-3; sh2, 5-AACTCGT-
GCTCCACTACAA-3), using pSUPER.retro.puro plasmids
according to the manufacturer’s instructions (Oligoengine,
Seattle, WA). Control cell lines were also generated using a
nonspecific shRNA sequence (29). Plasmids were transiently
transfected using FuGENE HD reagent (Roche Applied Sci-
ence) according to themanufacturer’s instructions and selected
for 2 days in puromycin. The p61HckDN and p59HckDN con-
structs have been described in Carréno et al. (30).
Immunoprecipitation and Western Blotting—After the desired
treatment, cells were lysed in ice-cold buffer A (25mMTris, 137
mMNaCl, 1%Nonidet P-40, 2 mM EDTA, 1mM orthovanadate,
1mMbenzamidine, 10g/ml aprotinin, 10g/ml leupeptin, pH
7.4). Whole cell lysates were either used for immunoprecipita-
tion with the indicated antibodies or mixed with 5 Laemmli
sample buffer and boiled for 5 min at 100 °C. Lysates were pre-
cleared with control IgG prebound to protein A/G-agarose
beads for 1 h at 4 °C followed by incubation with specific anti-
body prebound to beads. Specificity of theWASP antibody was
confirmed as no WASP was detected in immunoprecipitates
performedwith isotype control IgG (data not shown). Total cell
lysates and/or immunoprecipitates were resolved by SDS-
PAGE, transferred onto PVDFmembranes (Immobilon-P,Mil-
lipore), and after blocking, incubated with primary antibodies
overnight at 4 °C followed by secondary antibodies conjugated
to HRP. Signals were visualized using the SuperSignal West
Pico Chemiluminescent Substrate (Pierce), and images were
acquired and signal intensity was measured using a Kodak
Image Station 440.
Chemotaxis wasmeasured using 8-mpore size inserts (Fal-
con; BD Biosciences) according to the manufacturer’s instruc-
tions and described in Park and Cox (15). Briefly, the inserts
were placed into 24-well plates containing RPMI 1640 for
RAW/LR5 cells or -MEM for BMMs in the presence or
absence of CX3CL1 (50 ng/ml). Serum-starved RAW/LR5 cells
(n  500,000) or BMMs (n  100,000) were then loaded onto
the inserts and incubated at 37 °C for 4 h. Cell migration was
quantified by counting the number of cells that migrated
through the insert (at least 10 different randomly selected
fields/well) and was compared with the number of migrated
cells in the absence of any stimulant (fold increase). Data are
represented as percentmigration relative to the shRNA control
cell or wild-type BMM population.
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Fc receptor (FcR)-mediated phagocytosis was performed
as described (27). In brief, cells were incubated with a suspen-
sion of EIgG for 30min at 37 °C in BWD (saturating numbers of
EIgG/cell) (20 mM HEPES, 125 mM NaCl, 5 mM KCl, 5 mM
dextrose, 10 mM NaHCO3, 1 mM KH2PO4, 1 mM CaCl2, and 1
mM MgCl2, pH 7.4). Non-internalized EIgG was then removed
by washing, followed by hypotonic lysis. At least 50 cells were
observed by phase contrast microscopy, and the number of
EIgG in each cell was counted. Mean value of phagocytosis in
WT BMMs or control shRNA cells was set arbitrarily to 100%.
Fibronectin matrix degradation assays were performed as
described (9). Briefly, the indicated cell lines were plated, for
14 h under normal growth conditions, on glass coverslips
sequentially coated with poly-L-lysine and Alexa Fluor 568-
conjugated fibronectin (Sigma). Cells were then fixed in 3.7%
formaldehyde in BWD, permeabilized with 0.2% Triton X-100
in BWD and stained with either Alexa Fluor 488 or Alexa Fluor
647 phalloidin as appropriate. Images acquired fromawidefield
microscope (60/1.40 numerical aperture, phase 3 objective of
an Olympus IX71 microscope coupled to a Sensicam cooled
CCD camera), and were thresholded to delineate degraded
areas. Areas of degradedmatrix were then traced andmeasured
in at least 10 different fields per experiment and expressed as
degradation area per total number of cells per field.Mean value
of degradation in WT BMMs or control shRNA cells was set
arbitrarily to 100%.
Transmigration Assays—3B11 mouse endothelial cells were
grown on glass coverslips and allowed to form a monolayer.
Subsequently, theywere stimulatedwith 50 ng/ml recombinant
murine TNF (Peprotech) for 14 h. To examine the effect of
Hck in diapedesis, RAW/LR5 cells transfectedwithHck-target-
ing sequences or a control non-targeting sequence were
selected with 5 g/ml puromycin for 48 h. Surviving cells were
then used for transendothelial migration. The indicated RAW/
LR5 cells were labeled with 1 mM CellTracker Green (CMFDA;
Invitrogen) for 30 min followed by washing and seeding onto
activated 3B11 monolayers. Cells were allowed to transmigrate
for 1 or 2 h followed by fixation in 3.7% formaldehyde and
stainingwith phalloidin and a rat antibody against ZO-1. RAW/
LR5 cells were subsequently scored for their ability to trans-
migrate. Only those cells whose entire cell body was beneath
the endothelial monolayer were considered to have transmi-
grated, whereas those partially through the monolayer were
not included in the counting.
Carcinoma cell three-dimensional invasion assays were
performed and quantified as described (31). Briefly, 80,000
MTLn3-GFP cells were plated on MatTek dishes in the pres-
ence or absence of 400,000 RAW/LR5. Cells were overlaid with
5.8 mg/ml type I collagen, incubated for 24 h prior to fixation.
To quantify the MTLn3 cell invasion, confocal z-stacks were
collected and GFP fluorescence in z-sections from 20 m into
the collagen and above was added up and divided by the sum of
GFP fluorescence in all the z-sections. Data are reported as the
percent of carcinoma cell invasion from an average of five inde-
pendent fields per experiment.
Three-dimensional Migration Assay—Collagen I (Nutragen-
Nutacon; 2 mg/ml final concentration) or Matrigel (BD Biosci-
ences, batches from 8 to 12mg/ml) were polymerized as a thick
layer (1 to 1.5 mm) in the upper Transwell chambers as
described (4). The lower chambers were filled with 800 l of
RPMI 1640medium supplemented with 10% FCS and 50 ng/ml
ofmurine recombinantCSF-1 (Immunotools). BMMs (5 104)
were suspended in RPMI 1640 medium supplemented with 1%
FCS and 10 ng/ml of mrM-CSF (Immunotools) and then
seeded on the top of the matrices. The percentage of three-
dimensionalmigration in fibrillar collagen I and inMatrigelwas
manually quantified after 48 h using ImageJ software.
Macrophage Infiltration Assay into Spheroids—This assay
has been described previously in detail in Guiet et al. (32).
Briefly, human breast tumor cells SUM159PT were cultured in
three dimensions until cell spheroids reach a diameter of0.5
m. BMMswere stainedwith 0.5mMCellTracker RedCMPTX
(Molecular Probes, Invitrogen) and distributed (104 cells) into
agar-coated wells containing a single spheroid and co-incu-
bated for 3 days to allow BMM infiltration in spheroids. Forma-
lin-fixed spheroids stained with DAPI were imaged using a
Leica SP5 microscope (Leica Microsystems, Deerfield, IL) with
a multiphoton source at 715 nm (coherent Chameleon) for
z-stack acquisition of DAPI and CellTracker fluorescence
(z-step, 1.2 m). CellTracker-stained macrophages associated
to spheroids were counted using the cell counter plugin of
ImageJ software (National Institutes of Health, Bethesda, MD).
Macrophageswere classified “out of spheroids” when located in
the first line of nuclei and “inside” when inside the first line of
nuclei. At least three spheroids per condition were used.
Data Analysis—All results were calculated as the means 
S.E. Data were analyzed using Student’s t test, and differences
with a p value  0.05 were regarded as significant. Error bars
represent S.E.
RESULTS
Hck Mediates WASP Tyrosine Phosphorylation—We previ-
ously showed that tyrosine phosphorylation of WASP was
required for macrophage chemotaxis to CX3CL1 (15) and
FcR-mediated phagocytosis (14). Because SFKs are required
for tyrosine phosphorylation ofWASP (15), we speculated that
Hckmight be themajor kinasemediatingWASP tyrosine phos-
phorylation. For that reason, the effect of Hck deficiency on tyro-
sine phosphorylation ofWASP was evaluated following stimula-
tion of CX3CL1 or by ligation of the FcR with opsonized
red blood cells (EIgG). WASP was immunoprecipitated after
CX3CL1 or EIgG treatment in wild-type (WT BMM) or
Hck/ bone marrow-derived macrophage (Hck/ BMM)
cells, and then the level of WASP phosphorylation was deter-
mined. WT BMM cells showed an increased in WASP phos-
phorylation after CX3CL1 or EIgG treatment, peaking at 1 or 5
min, respectively (Fig. 1A), consistent with results published
previously (14, 15). WASP phosphorylation was significantly
reduced in Hck/ BMM cells under the same conditions (Fig.
1A). However, there was no reduction in the total level of tyro-
sine phosphorylation, indicating that Hck was not indirectly
altering WASP phosphorylation by reducing tyrosine phos-
phorylation downstream of receptor signaling (Fig. 1B).
Because it has been observed that there is some compensation
by other SFKmembers following genetic deletion of one family
member (26, 33), we employed a transient reduction approach
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using shRNA-mediated down-regulation of endogenous Hck.
Retroviral delivery of Hck-specific shRNA (Hcksh1 and
Hcksh2) inRAW/LR5 cells resulted in a60% reduction ofHck
protein expression compared with control shRNA-treated cells
as determined byWestern blot analysis (Fig. 1C). The ability of
cells with reduced Hck expression to phosphorylate WASP in
response to CX3CL1 was then evaluated and compared with
control shRNA-treated cells. Despite the presence of low levels
of Hck expression following shRNA treatment (40% Hck
remaining), there was a dramatic reduction in CX3CL1-in-
duced WASP tyrosine phosphorylation (Fig. 1D). A doublet is
often observed in the phosphotyrosine immunoblot. This phe-
nomenon is likely due to a mobility shift in WASP when it is
phosphorylated, as observed in Cory et al. (17). These results
suggest that although other kinases may phosphorylateWASP,
Hck plays a major role in tyrosine phosphorylation ofWASP in
macrophages.
Hck Deficiency Results in a Defect ofWASP-mediatedMacro-
phage Functions—Our previous work established that macro-
phage functions such as phagocytosis, chemotaxis, and matrix
degradation depend on tyrosine phosphorylation of WASP for
optimal function (9, 14, 15). Therefore, we investigated the
effect of Hck deficiency or reduced expression of Hck on
macrophage functions. Initially, we determined the role of
Hck in FcR-mediated phagocytosis. Consistent with a role for
Hck in WASP phosphorylation, altered Hck expression
resulted in a significant inhibition of FcR-mediated phago-
cytosis (Fig. 2A). It has also been shown that Hck plays a role
in macrophage migration both in vivo and in vitro (5, 32, 34),
although its role in macrophage chemotaxis has not been
demonstrated formally. We then examined the requirement
for Hck in chemotaxis and found a significant reduction in
macrophage chemotaxis to CX3CL1 in both Hck/ and
Hck shRNA cells (Fig. 2B). Consistent with previous studies,
which showed that although WASP was required for che-
motaxis, it was not required for chemoattractant elicited
F-actin-rich protrusions (15), we did not observe a decrease
in F-actin-rich protrusions in Hck shRNA cells in response
to CX3CL1 (p 	 0.1). In the case of both assays, a greater
inhibition in phagocytosis and chemotaxis was observed
using transient shRNA in cell lines than in the primary
BMMs. This result was consistent with the more dramatic
FIGURE 1. Hck is required for tyrosine phosphorylation of WASP. A, wild-type and Hck/ BMMs were untreated ( or none) or stimulated with either
CX3CL1 for 1 min (
) or with EIgG for 5min. WASP was immunoprecipitated usingWASP antibody, followed byWestern blotting with either HRP-conjugated
phospho-tyrosine (PY) and WASP antibodies. Blots were quantified by densitometry and normalized to the amount of immunoprecipitated WASP. Data are
expressed as the fold increase as comparedwithWTprior to stimulation. S.E. (n 3). *,p 0.05.B, whole cell lysates of the same conditionswere also probed
with HRP conjugated phospho-tyrosine. C, RAW/LR5 cells were transfected with control shRNA (Ctrlsh) or two different Hck shRNA (Hcksh1 and Hcksh2)
plasmids and selected for 2 days in puromycin. Hck and -actin expression in these cells was analyzed byWestern blottingwith the respective antibodies and
quantified as thepercentageofHck/-actin signal intensity ratios relative to the control.D, control andHck shRNAcellswere stimulatedwithCX3CL1 for 1min,
and then WASP was immunoprecipitated using WASP antibody, followed by Western blotting with the HRP-conjugated phospho-tyrosine (PY) and WASP
antibody. Data are expressed as the fold increase as compared with non-stimulated control shRNA cells. S.E. (n 3), **, p 0.01 compared with CX3CL1-
induced tyrosine phosphorylation in control shRNA cells.
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reduction in WASP phosphorylation when the transient
shRNA approach was used (Fig. 1, A and C).
The migration of monocytes through the endothelium to
sites of inflammation is a very important process during host
defense against external pathogens.Given thatWASPandSFKs
are required for diapedesis (reviewed in Ref. 24), we hypothe-
sized that Hck might play a role in the ability of cells to trans-
migrate across an endothelial monolayer.We therefore directly
tested the effect of Hck deficiency in monocyte/macrophages
following seeding on an activated monolayer of 3B11 endothe-
lial cells. As shown in Fig. 3A, Hck shRNA cells showed signif-
icantly delayed transmigration at the early time points exam-
ined (1 and 2 h after seeding) compared with control cells.
Because WASP can be phosphorylated by Hck (Fig. 1), we also
tested the ability of WASP shRNA cells to transmigrate. Con-
sistent with Hck shRNA cells,WASP shRNA cells showed con-
siderably reduced diapedesis compared with Ctrlsh cells (Fig.
3B). Although rescue of transmigration occurred following
expression ofWTWASP (Fig. 3B), re-expression of a phospho-
deficient (Y291F) WASP mutant did not increase the ability of
cells to transmigrate (Fig. 3C). Because there was no statistical
difference in the total number of cells counted in the assay
between control and Hck shRNA or WASP shRNA and Y291F
cells (p 	 0.2), this indicated that reduced level of transmigra-
tion was not due to differences in adhesion.
Several studies have now shown that tumor associated
macrophages promote carcinoma cell invasion both in vivo and
in vitro (31, 35). We have recently demonstrated that WASP
expression in macrophages was required for the ability of
macrophages to stimulate carcinoma cell invasion (36). To
examine whetherWASP phosphorylation was required for this
phenomenon shWASP cells expressing either WT or mutant
forms of WASP were co-cultured with a breast tumor cell line
(MTLn3-GFP) and the level of carcinoma cell invasion into a
three-dimensional collagen gel was monitored. Cells express-
ing WT WASP were able to significantly stimulate carcinoma
cell invasion (Fig. 3D). However, this invasion was significantly
reduced (p 0.01) if the carcinoma cells were co-cultured with
macrophages containing an inactive form ofWASP that lacked
Cdc42 binding (H246D), which directly activates WASP and is
a prerequisite for efficient WASP phosphorylation in macro-
phages (9, 37). Consistent with a major role for tyrosine phos-
phorylation in WASP function, co-culture with macrophages
expressing phospho-deficientWASP (Y291F) also significantly
FIGURE 2. Hck regulates multiple macrophage functions. A, the ability of
cells to undergo Fc-R mediated phagocytosis was determined as described
under “Experimental Procedures.” The phagocytic index was calculated as
theaveragenumberof ingestedparticles for 100cells in threedifferent exper-
iments and expressed as a percentage of WT BMM or control shRNA (Ctrlsh)
cells. *, p 0.05 and **, p 0.01 compared with WT BMMs or control shRNA
cells. B, Hck/ BMMs or Hck shRNA-treated cell migration in response to
CX3CL1 was determined and expressed as a percentage of WT BMMs or con-
trol shRNA cells (n 3). *, p 0.05 and **, p 0.01 comparedwithWT BMMs
or control shRNA cells.
FIGURE 3. Hck and tyrosine phosphorylation of WASP are required for
diapedesis. A, RAW/LR5 cells were transfectedwith plasmids expressing two
separateHck shRNA targeting sequences, selected in puromycin for 48 h, and
seededonaTNF-activatedmonolayer of 3B11endothelial cells. Transmigra-
tionwas allowed toproceed for 2h, and the%of cells that completely crossed
the endothelium (transmigrated) was scored. B, RAW/LR5 cells transduced
with control shRNAplasmid (Ctrlsh), a plasmid targetingWASP (WASPsh), and
WASP shRNA cells expressing either wild-type human WASP (WT) or WASP
shRNAcells expressingaY291Fmutant formofWASP (C)were scored for their
ability to transmigrate. D, quantification of the percent of MTLn3-GFP cells
invading into a collagen I gel either in the absence or the presence WASP
shRNA expressing wild-type (WT), inactive WASP (H246D), or phospho-defi-
cient (Y291F) WASP (n  3). Insets in B and D show representative Western
blots of WASP expression level (above) and actin as a loading control (below)
in the cells lines in the bars below. **, p  0.001 compared with carcinoma
cells alone and *, p 0.05 compared with WASP shRNA cells expressing WT
humanWASP. n.s., not significant.
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reduced carcinoma cell invasion to the same extent as inactive
WASP (Fig. 3D).
WASP Is Required for Migration of Macrophages in Third
Dimension—The above results suggested that WASP was
required for invasion in the third dimension because this assay
requires the co-migration of both cell types into the three-dimen-
sional gel (31). A previous study demonstrated that Hck/
macrophageshaveareducedability tomigrate insidehigh-density
Matrigel (5), whereas they migrate normally when they use the
amoeboid mode (32). As WASP appeared to be involved in
Hck-mediated signaling, we tested the three-dimensional-mi-
gration capacity of WASP/ BMMs in a fibrous collagen I or
high density Matrigel as described in Van Goethem et al. (4).
After 48 h, the number of Matrigel-infiltrated WASP/
BMMs was significantly reduced by 50% compared with WT
BMMs (Fig. 4A), whereas we observed no significant difference
in three-dimensional migration in fibrous collagen I (Fig. 4B).
This result indicated that WASP was a new effector of mesen-
chymalmigration in densematrices.Moreover, to further elab-
orate on the role of WASP in migration of macrophages in the
third dimension, we next tested the effect of WASP deficiency
on macrophage infiltration into spheroids. Tumor cell spher-
oids are cohesive three-dimensional organoids containing cells
and several ECM proteins that mimic, to some extent, tumor
tissue (32). Macrophage infiltration into such spheroids has
been shown to combinemesenchymal and amoeboidmigration
modes (32). Here, we show that in the absence of WASP, cells
have a significantly reduced ability to infiltrate into spheroids as
compared with WT cells (Fig. 4, C and D).
The p61 isoform of Hck controls WASP phosphorylation
and is required for matrix degradation. The mesenchymal
mode of migration requires ECM degradation mediated by
podosomes (4). Matrigel is a complex mixture of ECM, includ-
ing laminin and collagen IV with trace amounts of fibronectin.
Previous studies have shown that Hck was required for degra-
dation of gelatin, a form of hydrolyzed collagen (5). We exam-
ined the role ofHck in degradation of othermatrix components
and found that Hck/ or Hck shRNA macrophages showed
significantly reduced degradation of fibronectin (Fig. 5A),
which was similar to our previous experiments showing that
macrophages expressing a phospho-deficient form of WASP
have impaired proteolytic activity toward fibronectin (9).
Hck is expressed as two different isoforms produced by alter-
native translation of the same mRNA: p59Hck and p61Hck
(38). Earlier studies have demonstrated that activation of the
p61 isoformofHck triggers the formation of podosome rosettes
with ECM proteolytic activity, whereas activation of p59Hck
triggers the formation of cell protrusions (11, 30). To determine
the role of p61Hck in WASP phosphorylation, a dominant-
negative formof p61Hck (p61DNHck)was expressed in RAW/
LR5 macrophages. As observed previously in human macro-
phages (11), p61DN Hck localized to podosomes in RAW/LR5
cells (Fig. 5B). Moreover, when plated overnight on Alexa
Fluor-labeled fibronectin matrix, cells expressing p61DN Hck
were still able to form podosomes similar to control cells. How-
ever, expression of p61DN Hck has significantly abrogated the
ability of these cells to degrade the underlying matrix (Fig. 5B).
Also, a dramatic reduction in WASP phosphorylation in
response toCX3CL1was observed in these cells comparedwith
control cells (Fig. 6A). Expression of dominant-negative p59
Hck resulted in not significant inhibition ofWASP phosphory-
lation (Fig. 6A), consistent with an important role for the
p61Hck isoform. Maximal phosphorylation of WASP induced
by pervanadate was also inhibited by expression of p61DNHck
(Fig. 6B). Taken together, these results suggest that the p61Hck
isoform is mainly required for WASP phosphorylation upon
CX3CL1 activation ofmacrophages and during podosome-me-
diated matrix degradation. Overall, our data indicates that
p61HckmediatesWASP phosphorylationwhich is required for
matrix degradation that may be regulated by functional podo-
some formation through WASP.
DISCUSSION
In leukocytes, tyrosine phosphorylation on Tyr-291 residue
of WASP has been shown to play a significant role in various
FIGURE 4.WASP is required for migration in dense ECMs and infiltration
into tumor cell spheroids. BMMs from WT (WASp
/
) and WASP-deficient
mice (WASp/) were seeded on the top of a thick layer of Matrigel (A; a
poorly porous matrix) or fibrillar collagen I (B; a porous matrix), and the per-
centage of three-dimensional migrating cells was quantified after 48 h.
Results are expressed as mean  S.D. from n  6 (WASp
/
) and n  9
(WASp/) from three independent experiments. ***, p 0.001.C, tumor cell
spheroidswere co-incubated for 3 dayswith CellTracker-stainedBMMs, fixed,
and examined with a multiphoton microscope. Spheroid cross-sections are
shown. WT macrophages infiltrate the spheroid deeply, whereas WASP/
macrophages are foundoutside the spheroid and infiltrated in the peripheral
layer. D, quantitation of C, experiments were performed at least in triplicate
and expressed as the percentage of macrophages inside spheroids (100%
corresponds tomacrophages insideplusmacrophages adheringon theouter
part of the spheroids). Results are expressed as mean S.D. (n 5WT and 3
WASP/; ***, p 0.001). 3D, three-dimensional.
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functions, including phagocytosis, chemotaxis, podosome
dynamics, and matrix degradation. Several kinases have been
proposed to mediate this tyrosine phosphorylation based on
overexpression experiments of WASP with the kinase of inter-
est (17, 39, 40), and WASP and Hck associate in chemoattrac-
tant stimulated neutrophils (18). However, the specific tyrosine
kinase required to phosphorylate WASP in response to physi-
ological ligands is still unclear. We previously showed that SFK
activity was required to directly phosphorylate WASP and for
chemotaxis to CX3CL1 in macrophages (15). Here, we clearly
demonstrate that the SFK Hck phosphorylates WASP in macro-
phages in response to several stimuli and regulates WASP-medi-
ated functions in macrophages.
Hck is predominantly expressed in leukocytes (41) and has
been shown to play important roles in regulating actin-based
processes such as chemotaxis and FcR-mediated phagocytosis
(42–44). Hck can phosphorylateWASP at Tyr-291 in vitro and
this phosphorylation results in enhanced actin polymerization
(17). Our data demonstrate that Hck phosphorylates WASP in
vivo. Consistent with a role for Hck inWASP phosphorylation,
reducedHck expression resulted in a considerable inhibition of
CX3CL1 chemotaxis, FcR-mediated phagocytosis, and in the
ability of cells to cross an endothelial barrier. All of these defects
FIGURE 5. Hck, specifically the p61 isoform, regulates podosome-medi-
atedmatrix degradation.A,WT andHck/BMMsor control shRNA (Ctrlsh),
Hcksh1 and Hcksh2 cells were seeded on Alexa Fluor 568-conjugated
fibronectin (Alexa-FN)-coated coverslips and incubated overnight. Degrada-
tion area per cell was determined and expressed as a percentage ofWT BMM
or control shRNAcells (n3). **,p0.01 comparedwithWTBMMsor control
shRNA cells. B, representative image of RAW/LR5 cell expressing GFP-p61Hck
DN stained with rhodamine phalloidin demonstrating the localization of
p61HckDN to podosomes. The area ofmatrix degradationwasmeasured and
represented as percentage of the control cells shown in the lower left panel.
The lower right panel shows the % of cells with podosomes. **, p 0.01; n.s,
non-significant; Ctrl, control.
FIGURE 6. The p61Hck isoform regulates WASP tyrosine phosphoryla-
tion.A, cells were transfectedwith eitherMyc-WASP alone orwith dominant-
negative form of p61Hck (p61DN) or p59Hck (p59DN) and then stimulated
with CX3CL1 for 1min, and thenWASPwas immunoprecipitated using aMyc
antibody, followed by Western blotting with the HRP-conjugated phospho-
tyrosine (PY) and Myc antibody as a control. Blots were quantified by densi-
tometry and normalized to amount of WASP. A representative blot is shown,
and data are expressed as the fold increase compared withWT prior stimula-
tion. Shown are means  S.E. (n  3). B, cells were transfected with either
Myc-WASPaloneorwithdominant-negativep61Hck (p61DN) and stimulated
with pervanadate (PV) to induce maximal tyrosine phosphorylation. The
graph shows the fold change in WASP phosphotyrosine (n 3), mean S.E.
**, p 0.01 compared with untreated cells (none). n.s, not significant.
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could be reproduced with the Y291F WASP point mutation.
These defects may lead to profound alterations in the case of
human diseases, including the ability of macrophages to pro-
mote carcinoma cell invasion (36) becauseWASP is also impor-
tant for the ability of macrophages to invade in dense three-
dimensional environments as well as invading into tumor
spheroids (Fig. 4). Taken together, these results indicate that
Hck plays a major role in tyrosine phosphorylation ofWASP in
macrophages and that WASP is a major regulator of several
macrophage functions.
However, Hck/ BMMs showed only minor effect in these
macrophage functions consistent with only a partial reduction
in the tyrosine phosphorylation of WASP. These results
suggested that other kinases can phosphorylate WASP in
macrophages in the absence of Hck because compensatory
mechanisms have been already described in these particular
knock-out mice (26, 33). WASP associates with both the Src
kinase Fyn and with focal adhesion kinase Pyk-2 following the
triggering of chemokine receptors on natural killer cells (23),
and WASP phosphorylation following TCR ligation was
reduced in Fyn-deficient Jurkat T cells (40). However, these two
kinases are not likely to be the ones that phosphorylate WASP
in vivo because Pyk-2 is not an SFK, and inhibitor studies have
demonstrated that WASP phosphorylation is dependent on
SFKs (15), and Fyn is not expressed in macrophages (45). One
complication in the use of genetic knock-out mouse models is
that they often donot showany obvious phenotypes due to gene
compensation. Consistent with this idea, although the various
hematopoietic Src kinases have been implicated in multiple
functions using cell-based assays or other approaches, they do
not seem tomanifest as severe physiologic phenotypes in single
knock-out models (26, 33, 46). Therefore, siRNA approaches
may be more powerful in determining the true function of a
particular SFK member.
Podosomes are adhesion structures prominent in cells of the
myeloid lineage with proteolytic properties toward the ECM
(47, 48). Interestingly, recent findings in diapedesis and cell
migration in three-dimensional environments support a role
for podosomes in cell invasion and motility (4, 20). Pharmaco-
logical inhibition of SFKs using the inhibitor PP2 resulted in
loss of podosomes and inhibition of diapedesis in macrophages
(11, 20). Also, Hck/ BMMs contained undersized podosome
rosettes and have a reduced migration in three-dimensional
matrices compared with WT BMMs (5). Importantly, the data
presented here demonstrated that Hck andWASP regulate the
ability of macrophages to cross endothelial barriers and to
migrate in dense three-dimensionalmatrices. BecauseWASP is
also an important regulator of podosome formation, these find-
ings strongly support a role forHck andWASP in the regulation
of matrix infiltration and motility of macrophages through
podosome formation.
Hck is the only SFK which is expressed as two isoforms gen-
erated by alternative translation (41). The p59Hck isoform is
associatedwith the plasmamembrane, whereas p61Hck is asso-
ciated with the membrane of lysosomes that contribute to the
formation of podosome rosettes (11, 30, 49). Similar to this, we
found that p61DN Hck localized to podosomes in RAW/LR5
macrophages. Interestingly, although cells expressing the p61DN
Hck isoform still formed podosomes, they were unable to effi-
ciently degrade fibronectin (Fig. 5B). This is consistent with our
previous findings that WASP phosphorylation was not required
for podosome formation but for podosome function (9). More-
over, expression of dominant-negative p61Hck resulted in severe
inhibition of tyrosine phosphorylation of WASP in response to
CX3CL1, whereas expression of dominant-negative p59Hck
resulted in only slight inhibition of phosphorylation (Fig. 6A). The
fact that a small fraction of p59Hck is associated with lysosomes
(49, 50) could explain why the expression of the p59DN Hck
mutant also has an effect on WASP phosphorylation in this
context.
In conclusion, similarly to Hck, WASP plays a critical role
in the three-dimensional mesenchymal migration mode of
macrophages but has no effect on three-dimensional amoeboid
migration. Specifically, the p61Hck isoform plays an important
role in tyrosine phosphorylation ofWASP induced by CX3CL1
stimulation. In our data, tyrosine phosphorylation of WASP is
required for several macrophage functions, including diapede-
sis and extracellular matrix degradation. It also controls podo-
some assembly rates and actin dynamics (9). Therefore, p61Hck
may affect podosome functionality via regulation of tyrosine
phosphorylation of WASP.
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ABSTRACT In osteoclasts, Src controls podosome
organization and bone degradation, which leads to an
osteopetrotic phenotype in src/ mice. Since this
phenotype was even more severe in src/hck/ mice,
we examined the individual contribution of Hck in
bone homeostasis. Compared to wt mice, hck/ mice
exhibited an osteopetrotic phenotype characterized by
an increased density of trabecular bone and decreased
bone degradation, although osteoclastogenesis was not
impaired. Podosome organization and matrix degrada-
tion were found to be defective in hck/ osteoclast
precursors (preosteoclast) but were normal in mature
hck/ osteoclasts, probably through compensation by
Src, which was specifically overexpressed in mature
osteoclasts. As a consequence of podosome defects, the
3-dimensional migration of hck/ preosteoclasts was
strongly affected in vitro. In vivo, this translated by
altered bone homing of preosteoclasts in hck/ mice:
in metatarsals of 1-wk-old mice, when bone formation
strongly depends on the recruitment of these cells,
reduced numbers of osteoclasts and abnormal develop-
ing trabecular bone were observed. This phenotype was
still detectable in adults. In summmary, Hck is one of the
very few effectors of preosteoclast recruitment described
to date and thereby plays a critical role in bone remodel-
ing.—Vérollet, C., Gallois, A., Dacquin, R., Lastrucci, C.,
Pandruvada, S. M. N., Ortega, N., Poincloux, R., Behar,
A., Cougoule, C., Lowell, C., Al Saati, T., Jurdic, P.,
Maridonneau-Parini, I. Hck contributes to bone homeo-
stasis by controlling the recruitment of osteoclast precur-
sors. FASEB J. 27, 3608–3618 (2013). www.fasebj.org
Key Words: osteopetrosis  cell migration  podosomes  Src ty-
rosine kinases
Bone is renewed continuously by a process known
as bone remodeling. Bone remodeling is accomplished
by 3 cell types: osteocytes, osteoblasts, and osteoclasts
(OCs). Osteocytes are the mechanical sensors of bone
that regulate osteoclast formation. Osteoblasts synthe-
tize the matrix and promote its mineralization, while
OCs are responsible for degradation of bones during
bone development, homeostasis, and repair. The for-
mation and degradation of bone are tightly balanced in
both time and space. A dysregulation of this tight
balance between bone formation and bone degrada-
tion may result either in loss of bone mass, such as in
osteoporosis, or in contrast, in a progressive increase in
bone mass, such as in osteopetrosis. Degrading OCs are
large multinucleated giant cells formed by the differ-
entiation and fusion of mononuclear monocyte lineage
precursors after stimulation by receptor activator of
nuclear factor -B ligand (RANKL) and macrophage
colony-stimulationg factor (M-CSF) (1–3). They are
characterized by high levels of cathepsin K and tartrate
resistant acidic phosphatase (TRAP) activities, which
1 Correspondence: Université de Toulouse, UPS, IPBS, F-31077
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Abbreviations: 3D, 3-dimensional; BV/TV, bone volume/
tissue volume; cortical th., cortical thickness; DPD, deoxypyr-
idinoline; Hck, hematopoietic cell kinase; HRP, horseradish
peroxidase; LSM, lymphocyte separation medium; M-CSF,
macrophage colony-stimulating factor; MMP, matrix metallo-
protease; pre-OC, osteoclast precursor; OC, osteoclast; PBS,
phosphate-buffered saline; PINP, procollagen type I N-termi-
nal propeptide; RANKL, receptor activator of nuclear factor
-B ligand; SFK, Src family kinase; TRAP, tartrate resistant
acidic phosphatase; Tb.N, trabecular number; Tb. Sep, tra-
becular separation; v-ATPase, vacuolar proton pump; WT,
wild type
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can be used as markers of OC differentiation. OC
precursors (pre-OCs) are found in hematopoietic tis-
sues and gain access, through blood circulation, to the
bone, where they find the suitable stromal environment
for their terminal differentiation into OCs (4, 5). OCs
are involved in bone degradation by 3 main processes:
adhesion to the bone surface via a structure called the
sealing zone; acidification of the subosteoclastic bone-
resorbing compartment through vacuolar proton pump
(v-ATPase); and secretion of hydrolytic enzymes
(mainly cathepsin K and metalloproteases). The sealing
zone mediates attachment to the bone surface and
bone degradation. It is composed of an actin ring that
is the equivalent of podosome belts observed in glass
adherent osteoclasts (6–8). Podosomes are highly dy-
namic F-actin-rich adhesion structures with proteolytic
properties, surrounded by numerous actin-linked pro-
teins, such as vinculin (9). They are found in OCs and
a few other cell types of the monocyte lineage, such as
macrophages and dendritic cells. In OCs, podosomes
are mostly organized as clusters, rings, and, finally, as
belts, when OCs are mature (10).
The nonreceptor tyrosine kinase Src has been iden-
tified as one of the first proteins essential for normal
OC function (11, 12). src/ mice are severely osteo-
pretrotic due to dysfunctional OCs (11, 13–15), which
display abnormal podosome organization and are un-
able to form sealing zones, which thus prevents them
from resorbing bone (12, 16). Among the other Src
family kinases (SFKs) expressed in OCs (Lyn, Yes, Fgr,
and Hck), only the expression of hematopoietic cell
kinase (Hck) is up-regulated in src/ OCs (17). Nota-
bly, src/hck/ double mutants develop a more
severe form of osteopetrosis than src/ mice (14, 15,
17, 18). In contrast, fgr/src/ mice do not develop
more severe osteopetrosis than src/ mice, which
indicates that Fgr does not compensate for Src dele-
tion. These data suggest that Hck, which is expressed
only in myeloid-derived cells, could partially compen-
sate for Src deficiency in OCs (19, 20). Of interest, in
OCs, both Hck and Src are present at podosome belts
(16, 21, 22). In macrophages, Hck controls podosome
stability and organization as rosettes (23, 24), structures
involved in the migration process in 3-dimensional
(3D) environments (23–27). The role of Hck in OCs
has not been explored.
In the present study, we used a loss-of-function
approach to study the specific role of Hck in bone
homeostasis. We found that hck/ mice display an
osteopetrotic phenotype characterized by a high trabec-
ular bone mass. The absence of Hck did not affect the
formation of OCs in vitro, and the organization of
podosomes and the bone-resorption activity in these
cells were normal. However, in hck/ pre-OCs, the
formation of podosomes and their organization as
rosettes were strongly affected. As a consequence, in
vitro migration was defective. In 1-wk-old hck/mice, a
reduced number of TRAP-positive cells were recruited
on bone, which exhibit defective trabecular bone re-
modeling. In hck/ adult mice, the number of OCs
was still reduced. We propose that an impaired recruit-
ment of pre-OCs to trabecular bone could explain
osteopetrosis in hck/ mice.
MATERIALS AND METHODS
Kits and reagents
Lymphocyte separation medium (LSM) was purchased from
Eurobio (Courtaboeuf, France). -MEM and fetal calf serum
were from Invitrogen (Carlsbad, CA, USA) and Bio West
(Logan, UT, USA), respectively. Leukocyte acid phosphatase
kit for TRAP staining and DAPI were purchased from Sigma
(Lyon, France). Rabbit polyclonal anti-Hck (sc-72), anti-Src,
anti-Lyn, and anti-cathepsin K antibodies were purchased
from Santa Cruz Biotechnologies (TEBU-Bio, Le Perray-en-
Yvelines, France). Monoclonal anti-actin and mouse anti-
vinculin (clone hVin-1) were purchased from Sigma. Second-
ary horseradish peroxidase (HRP)-conjugated antibodies
were from Bio-Rad (Hercules, CA, USA), and Alexa Texas
Red/488/633-coupled phalloidins were obtained from Mo-
lecular Probes (Invitrogen). Matrigel (10–12 mg/ml) was
purchased from BD Biosciences (San Jose, CA, USA).
Mice
hck/ mice, backcrossed onto the C57Bl6/J background,
were previously characterized (28). All experiments were
performed according to animal protocols approved by the
Animal Care and Use committee of the Institut de Pharma-
cologie et de Biologie Structurale.
Bone histomorphometric analysis
Bone (femurs and tibia) were fixed in PBS plus 4% parafor-
maldehyde overnight at 4°C and then washed and stored in
70% ethanol. Three-dimensional microarchitecture of the
distal femur and the tibia from 3-mo-old wild-type (wt) and
hck/ female littermate mice was evaluated using a high-
resolution SkyScan1076 microtomographic imaging system
(SkyScan, Kontich, Belgium). Images were acquired at 48
KeV, 200 mA with a 0.5-mm aluminum filter. Three-dimen-
sional reconstructions (8.8-mm cubic resolution) were gener-
ated using NRecon software (SkyScan) as described previ-
ously (29). High-resolution images (2.5 m) were obtained
using the Nanotom device from Phenix X-ray (GEMeasurement
and Control Solutions; GE, Dresden, Germany). Measurements
of bone cell parameters and architecture parameters were
performed with the OsteoMeasure Analysis System (OsteoMet-
rics, Decatur, GA, USA) using a 3CCD color video DXC-390
camera (Sony, Tokyo, Japan) coupled to a Leica microscope
(Leica Microsystems, Wetzlar, Germany), according to standard
procedure. Animal groups were composed of 10 mice.
Bone marker analysis
Serum and urine from 3-mo-old wt and hck/ littermate
mice were collected. Bone-related degradation products from
type 1 collagen, deoxypyridinoline (DPD) cross-links, and
creatine were measured in evening urine using the Py-
rilinks-D immunoassay and creatine kit (Quidel Corp., San
Diego, CA, USA), according to the manufacturer’s protocols.
Bone formation residues were measured by using the procol-
lagen type I N-terminal propeptide (PINP) rat and mouse
ELISA kit from Immuno Diagnostic System (Paris, France).
Animal groups were composed of a minimum of 8 mice.
Histological analysis
Metatarsals were dissected from 1-wk-old hck/ mutant
animals and wt littermate controls and were fixed in 4%
paraformaldehyde at 4°C overnight. The tissues were then
washed in phosphate-buffered saline (PBS) and decalcified
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in 0.5 M EDTA (pH 7.4), as described previously (30).
Paraffin sections (5 m) were stained with Safranin O and
Fast Green (Sigma). For TRAP staining, sections were depar-
affinized and rehydrated and stained using a leukocyte acid
phosphatase kit and Fast Red Violet as a substrate (Sigma) at
37°C for 1 h. The sections were then washed in distilled water
and counterstained with hematoxylin.
Femurs and tibia from adult wt and hck/ littermate mice
were fixed in 10% buffered formalin solution (Sigma), decal-
cified in EDTA, and embedded in paraffin. Longitudinal
serial sections of the median portion of whole bone were
stained for TRAP (Sigma) according to the manufacturer’s
protocols and were counterstained with hematoxylin. Stained
slides were digitized using Panoramic 250 Flash digital micro-
scope (P250 Flash; 3DHisTech, Budapest, Hungary). Whole
slides were scanned in brightfield scan mode with a 40/NA
0.8 Zeiss Plan-Apochromat dry objective, and images were
acquired with a 2-megapixel 3CCD color camera (CIS Cam
VCC-F52U25CL; CIS Americas Inc., Gilbert, AZ, USA). This
objective and camera combination yield a 0.22-m/pixel
resolution in fluorescence scan mode, which corresponds, in
conventional microscopy, to 56.09 magnification at the high-
est optical resolution. Panoramic Viewer (RTM 1.15.0.53) was
used for viewing, analysis, and quantification of the digital
slides. TRAP-positive cells were quantified. Animal groups
were composed of a minimum of six mice. Mononucleated
and multinucleated TRAP-positive cells were counted on  6
serial sections chosen among the most median part of 4
different metatarsals for each genotype.
OC differentiation
Bone marrow mononuclear cells from 8-wk-old wt and hck/
mice were cultured for 5 to 6 d at a cell density of 500
cells/mm2 in the presence of -MEM containing 10% (v/v)
fetal calf serum, M-CSF (20 ng/ml), and RANKL (30 ng/ml)
on glass or, when mentioned, on BioCoat ostologic bone
slices (Becton Dickinson, Franklin Lakes, NJ, USA). We have
previously shown that pre-OCs, mononucleated cells, are
obtained after 3 d of culture of mouse precursors, whereas
mature OCs which are large multinucleated cells with a high
number of nuclei (are considered OC cells with 2 nuclei),
are obtained at d 5 and 6 of differentiation (31).
Cell lysis and immunoblotting
Cells were lysed, and total proteins were separated through
7.5% SDS-polyacrylamide gel electrophoresis, transferred,
and immunoblotted as described previously (32). For cathep-
sin K, 10 g (cell lysates) and 1 g protein samples (serum
starved cell-conditioned medium collected overnight) were
subjected to 10% SDS-PAGE and blot-transferred on a nitro-
cellulose membrane. Blocking was performed with 5% nonfat
dry milk in TBS-T (50 mM Tris, pH 7.2; 150 mM NaCl; and
0.1% Tween 20) for 1 h, followed by anti-cathepsin K (Santa
Cruz Biotechnology) overnight at 4°C. The blots were then
incubated for 1 h with secondary antibody conjugated to HRP
and developed using the electrochemiluminescence (ECL)
system. Expression of actin using anti--actin antibody
(Sigma) was used to normalize loading variations with respect
to cell lysates only. For Hck, Src, and Lyn, immunoblotting
was performed as described previously (33).
Gelatin zymography
OC cell-conditioned medium was analyzed for matrix metal-
loprotease 9 (MMP9) activity by gelatin substrate gel electro-











































































































WT Hck-/- WT Hck-/- WT Hck-/-
Figure 1. Hck/mice have a high trabecular bone mass, due to bone degradation defects. A) High-resolution micro-computed
tomography (micro-CT) images of femurs of 3-mo-old wt and Hck-deficient (hck/) mice. White arrowheads show cortical
bone; black arrowheads show trabecular bone. Trabecular bone is more dense in hck/ mice. Scale bars  500 m. B) Bone
microarchitecture parameters are modified in hck/ mice: bone volume/tissue volume (BV/TV), trabecular number (Tb. N),
trabecular separation (Tb. Sep), and connectivity. Data were obtained from 10 mice/phenotype. Error bars  sem. C)
Biochemical markers of bone turnover. PINP and DPD levels were measured in serum and urine samples, respectively, from
3-mo-old control and hck/ mice. DPD level is decreased in hck/ mice. Data were obtained from 10 mice/phenotype. Error
bars  sem.
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containing 1 g protein were electrophoresed in the absence
of reducing agents to a 10% SDS-PAGE containing 0.1%
gelatin. After electrophoresis, the gels were washed in rena-
turing buffer (50 mM Tris-HCl, pH 7.5, and 2.5% Triton
X-100) for 30 min at room temperature and then incubated
overnight at 37°C in the developing buffer (50 mM Tris-HCl,
200 mM NaCl, 5 mM CaCl2, and 0.02% w/v Brij 35). The gels
were stained with a solution containing 0.1% Coomassie
Brilliant Blue R-250. Formation of clear zone against the blue
background on the polyacrylamide gels indicated the gela-
tinolytic activity.
Resorption assays
To assess resorption activity, bone marrow mononuclear cells
were cultured on bovine cortical bone slices for 10 d in the
presence of -MEM containing 10% (v/v) fetal calf serum,
supplemented with M-CSF (20 ng/ml) and RANKL (30
ng/ml). Following complete cell removal by immersion in
water and scraping, bone slices were stained with toluidine
blue to detect resorption pits under a light microscope (Leica
DMIRB, Leica Microsystems; ref. 35).
Microscopy and live analysis of cell fusion and migration
Cells in the course of differentiation were fixed and stained as
described previously (33) and visualized using a Leica DM-RB
fluorescence microscope as described previously (23, 36).
Quantification of OC surface, number, and fusion index
(total number of nuclei in OCs divided by total number of
nuclei  100) were assessed using Image J software (U.S.
National Institutes of Health, Bethesda, MD, USA). All images
were prepared with Adobe Photoshop software (Adobe Sys-
tems, San Jose, CA, USA). For measurement of migration in
Matrigel, pictures of cells were taken automatically with an
10 objective at constant intervals using the monitorized
stage of an inverted microscope (Leica DMIRB); cells were
counted using ImageJ as described previously (37). For live
analysis of pre-OC fusion, bone marrow mononuclear cells were
plated for differentiation into OCs in observation chambers
(Lab-tek; Nalge Nunc International, Naperville, IL, USA), and
transduced with mCherry-Lifeact lentiviral vector (106 effective
viral particles for 106 cells) at d 2 of culture as described
previously (38). They were imaged during the night between d
4 and 5 (1 image every 2 min) with a Leica DMIRB microscope.
Movies were prepared with ImageJ software.
Migration assays in vitro
Migration assays and quantification were performed as de-
scribed previously (37) except that after 48 h of migration,
living cells were stained with SYTO16 (Invitrogen) to discrim-
inate mononucleated cells and multinulcleated OCs.
Statistical analysis
Statistical differences were analyzed with Student’s t test, and
error bars represent sem. Values of P  0.01 were considered
significant.
RESULTS
hck/ mice are osteopetrotic
As src/hck/ double-knockout mice develop more
severe osteopetrosis than the src/ animals (17), we
investigated whether bone phenotype was affected in
hck/ single mutant. First, we performed bone histo-
morphometric analysis on femurs of 3-mo-old mice to
evaluate the effect of Hck deficiency on bone. As shown
in Fig. 1A, hck/ mice were osteopetrotic with numer-
ous trabeculae compared with those of their wt litter-
mates, whereas cortical bone parameters were un-
changed (Supplemental Fig. S1). Quantification of
trabecular bone parameters revealed a significant in-
crease of the bone mass in Hck-deficient mice com-
pared to wt (Fig. 1A, B), an enhanced trabecular
number and connectivity density, and a decrease in
trabecular separation (Fig. 1B). Then, we tested the
parameters of bone formation and resorption in vivo.
Urine and blood samples were collected to analyze the
level of bone turnover markers. As expected for cells
that do not express Hck (39), the function of osteo-
blasts was not affected in hck/ mice since similar
levels of PINP, a marker of bone formation, were found
in the serum of wt and hck/ mice (Fig. 1C). In
contrast, we observed reduced bone-resorption activity
in hck/ mice, as levels of the urine DPD cross links, a
bone-related degradation product, were significantly
decreased (Fig. 1C).
Figure 2. Formation of hck/ mature OCs in
vitro is normal. A) Bone marrow mononuclear
cells from wt and hck/ mice were seeded on
glass coverslips in the presence of M-CSF and
RANKL to promote OC differentiation. Cells
were fixed at the indicated times and stained
with Texas red-coupled phalloidin (F-actin,
red) and DAPI (nuclei in green). Merged im-
ages representative of 7 experiments are shown.
White arrowheads show large and mature OCs
with their typical F-actin belts. Scale bar  100
m. B, C) Automatic quantification (Image J)
of OC surface, number (B), and fusion index
(C) at d 4 and 5 of differentiation. Data were
obtained from 5 independent experiments. Er-
ror bars  sd.
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These results indicate that hck/ mice display an
osteopetrotic phenotype characterized by a high trabec-
ular bone mass, and this is probably caused by a
decreased bone degradation activity.
Absence of Hck does not affect OC formation
To investigate whether the osteopetrotic phenotype of
hck/ mice could be the result of impaired osteoclas-
togenesis, we examined the in vitro differentiation of
bone marrow mononuclear cells isolated from wt and
hck/ mice. Osteoclastogenesis was triggered by the
combination of two cytokines, M-CSF and RANKL, and
the multinucleation process was measured as described
previously (33). At d 4, 5 (Fig. 2A), and 6 (data not
shown) of differentiation, the number of OCs, their
size, and the fusion index were comparable in wt and
hck/ cells (Fig. 2). In addition, no difference was
observed in the viability of wt and hck/OCs (data not
shown). Then, we followed the fusion process by video-
microscopy of wt and hck/ precursors into giant cells
by transducing cells with mCherry-LifeAct to stain
F-actin (Supplemental Movie S1). We observed that the
time course of the fusion process and the presence of
podosomes that polarize at the fusion site (40) were
similar in the two genotypes. In summary, Hck is not
necessary for OC formation in vitro.
Hck is required for podosome organization and
function in pre-OCs but not in mature OCs that
overexpress Src
Since Hck is involved in the formation and stability of
podosomes in macrophages (23, 25), we next looked at
the role of Hck in the organization and function of
















































Figure 3. Podosome organization is defective in hck/ pre-OCs, but normal in mature OCs. A) Immunofluorescence
microscopy of wt and hck/ pre-OCs. Cells were stained with antibodies against vinculin (green), Texas red-coupled phalloidin
(F-actin, red) and DAPI (nuclei, blue). Merged images are shown. White arrowheads point to podosome rosettes that are mostly
absent in hck/ pre-OCs. Scale bar  10 m. B) Percentage of pre-OCs exhibiting podosome rosettes (meanssd of 3
independent experiments, 100 cells/experiment). C) Immunofluorescence microscopy of mature OCs from wt and hck/
precursors. Cells were stained as in A. Merged images show individual podosomes (left panels) and podosomes organized as
clusters or rings (middle panels) or belts (right panels), which are organized normally in hck/ mature OCs. Insets: 2.7-fold
magnification of boxed areas. Scale bars  10 m.
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stained for F-actin and vinculin to visualize podosomes.
Pre-OCs, defined as adherent, mononucleated, and
TRAP-positive cells, were obtained at d 3 of bone marrow
mononuclear cell differentiation (31). Whereas 15% of
wt pre-OCs formed podosomes organized as rosettes,
only 3% of hck/ pre-OCs formed podosome rosettes
(Fig. 3A, B). To explore the matrix degradation activity
of podosomes in pre-OCs, gelatin-FITC degradation
assay was used. wt pre-OCs degraded gelatin-FITC and,
as expected for cells that have a defective formation of
podosome rosettes (24), hck/ pre-OCs had a signifi-
cantly lower capacity to degrade this matrix (Supple-
mental Fig. S2).
When mature OCs obtained at d 5 of differentiation
were examined, no difference in podosome formation
and organization was noticed (Fig. 3C). Microscopic ob-
servation of individual podosomes in hck/OCs revealed
that they were classically organized as an F-actin core (Fig.
3C, red) surrounded by vinculin (Fig. 3C, green). Most of
the cells organized their podosomes in three patterns:
clusters, rings, and belts, as described previously (10).
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Figure 4. Bone resorption is increased and Src is overexpressed in hck/mature OCs. A) Bone marrow mononuclear cells from
wt and hck/mice were seeded on bovine bone slides and differentiated into OCs with M-CSF and RANKL for 10 d. Then, OCs
were lysed and bone slices were stained with toluidine blue to visualize resorption pits. Representative images of bone-resorption
pits (violet, indicated by black arrowheads) generated by OCs. B) Quantitative data of results from A show an increase in bone
degradation by hck/ OCs. Data were obtained from 6 independent experiments. C) Western blot analysis of OC supernatants
(cell medium, left panels) and of OC total extracts (cell lysate, right panel) was performed using antibodies directed against
cathepsin K and actin (as a loading control). D) Gelatin zymograph of OC supernatants (cell medium, left panels) and of OC
total extracts (cell lysate, right panel) show that MMP9 activity is increased in hck/mature OCs. C and D show a representative
experiment out of 3 independent experiments. E) Western blot analysis of total cell extracts was performed using antibodies
directed against Hck, Src, Lyn, and actin (as a loading control). The two isoforms of Hck migrated as a single band. F, G)
Quantification of Hck (F) and Src (G) expression levels show that Src is overexpressed in hck/ mature OC. Arbitrary units
(AU) represent the signal intensity measured with Adobe Photoshop, in 3 experiments.
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Figure 5. Migration of hck/ pre-OCs is defective in vitro and in vivo. A) Pre-OCs (d 3 of differentiation) were seeded on thick
matrices of Matrigel and allowed to migrate. The percentage of hck/ pre-OCs infiltrating the matrices quantified after 48 h
of migration is decreased compared to wt (meanssd of 3 independent experiments). B) Representative histological sections
of metatarsals of 1-wk-old wt and hck/ mice stained with TRAP to visualize OCs (black arrows) and counterstained with
hematoxylin. Bottom panels show 6-fold magnification of boxed areas in top panels. Scale bars  100 m. C) Surface occupied
by TRAP-positive signal was quantified per bone surface in 6 separate histological sections per mouse (n5 mice/phenotype).
Number of TRAP-positive cells in hck/ is significantly diminished. Error bars sem. D) Staining of metatarsals with Safranine
O/Fast green to visualize cartilage (red) and bone formation (blue) show a defect in trabeculae organization in 1-wk-old hck/
(continued on next page)
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ited podosome clusters, 20% had rings, and 50% formed
belts (Fig. 3C and Supplemental Fig. S3). In addition,
when OCs were differentiated on ostologic bone slices,
the formation of sealing zones was normal in hck/ OCs
(not shown) compared to wt.
The formation of podosomes and their organization
as a sealing zone, where proteolytic enzymes are re-
leased, are critical for the bone-resorption activity of
mature OCs (6). To examine the bone degradation
activity, we used the classical assay that consists of
differentiation of OCs on bovine cortical bone slices.
After 10 d, resorption pits were visualized by toluidine
blue staining. In contrast to what was expected based
on the in vivo phenotype, the size of the resorption
lacunae formed by hck/ OCs was significantly en-
hanced compared to wtOCs (Fig. 4A, B). Similar results
were obtained on dentine slices or when mature OCs
were harvested from culture dishes and plated on bone
slices for 48 h (data not shown).
To determine why mature hck/ OCs are more
efficient to resorb bone than their wt counterparts, we
measured the level and the activity of cathepsin K and
MMP9 in wt vs. hck/ OCs, because bone resorption
occurs upon secretion of these proteases within the
sealing zone (41). Western blot analysis revealed that
cathepsin K production and secretion were not differ-
ent in mature hck/ OCs compared to wt OCs (Fig.
4C). However, gelatin zymography assay showed that
MMP9 enzymatic activity was significantly increased in
hck/ OC supernatants compared to controls (Fig. 4D).
Src has been involved in the formation and stability
of podosomes in OCs (16) and in the regulation of
MMP9 expression (42). As it has been proposed that
Hck and Src could compensate each other in OCs (17),
we considered the possibility that Src could compensate
for Hck deletion in mature OCs. Thus, Src and Hck
expression levels were analyzed along osteoclastogen-
esis. In wt cells, we noticed that the expression of Hck
increased progressively and was up 1.7-fold in mature
OCs compared to cells at d 2 of differentiation (Fig. 4E,
F). When OC differentiation was carried out with
human blood monocytes, a similar increase in Hck
expression was observed (not shown). Interestingly, the
expression of Src was almost 2-fold higher in mature
hck/ OCs compared to wt OCs (Fig. 4E, G). At early
time points of differentiation, Src was either not detect-
able or expressed at the same level in wt and hck/
cells. In contrast to Src, Lyn expression did not vary
along differentiation and did not vary in hck/ OCs
compared to wt (Fig. 4E). Taken together, Hck deletion
affects the formation of podosomes in pre-OCs, and,
consequently, the matrix degradation activity is altered.
In mature OCs in which Src is overexpressed, these
defects are not observed, which suggests that Src could
compensate for Hck deletion.
Migration of hck/ pre-OCs is impaired in vitro, and
the number of OCs is reduced in bones of hck/
mice
In addition to their role in the bone resorptive activity
of OCs, podosomes have been more recently involved
in the protease-dependent migration in 3D environ-
ments, called the mesenchymal migration mode (24–
26, 37). As hck/ pre-OCs exhibit a defect in podosome
organization, we examined their transmatrix migration
capacity. In Matrigel, a poorly porous matrix in which
macrophages migrate in 3D using the mesenchymal
mode (37), pre-OCs from wt and hck/ cultures seeded
on the top of the matrix were round, whereas they
harbored the characteristic elongated shape of the mes-
enchymal movement inside the matrix (data not shown
and ref. 37). Compared to wt, the number of hck/
pre-OCs infiltrating the matrix was reduced signifi-
cantly (Fig. 5A). In contrast, mature OCs from wt and
hck/ precursors showed similar 3D-migration ca-
pacities (4210% of migrating cells for wt mature OCs
vs. 456% for hck/ OCs), which is consistent with
normal podosome organization.
The migration defect observed in hck/ pre-OCs
was then investigated in vivo. To this end, we examined
metatarsals from wt and hck/ 1-wk-old mice, where
endochondral ossification occurs with rapid bone
growth depending on OC recruitment (43). Histologi-
cal analysis showed that the number of TRAP-positive
cells was reduced by more than half in hck/ metatar-
sals compared to wt (Fig. 5B, C). Furthermore, we
observed that the trabeculae were thickened and irreg-
ular in shape (Fig. 5D), indicating that the remodeling
of trabeculae by OCs was defective.
Next, we examined whether this defective number of
TRAP-positive cells was also observed in femurs and
tibia of adult mice (8-wk-old mice). Whereas TRAP-
expressing OCs were abundant and encountered along
bone trabeculae in wt femoral metaphysis, only few OCs
were observed in hck/ femoral metaphysis sections
(Fig. 5E, F). The quantification of OC number showed
a 40% decrease in bones from Hck-deficient mice
compared to controls (Fig. 5E). These data strongly
support that Hck is involved in the migration of pre-
OCs, resulting in a reduced number of OCs dedicated
to trabecular bone remodeling with no compensatory
process, as this defect persists in adults.
DISCUSSION
In this work, we examined for the first time the
function of Hck in bone homeostasis. Using state of the
art technology for bone investigation, we conclude that
hck/ mice have a moderate osteopetrotic phenotype
characterized by a defect of trabecular bone remodel-
mice (black arrows). Scale bar  100 m. E) OC surface was quantified per bone surface in 3 separate histological sections of
femurs and tibia of 8-wk-old wt and hck/ mice (n6 mice/phenotype). Number of OCs in hck/ mice is significantly
diminished. F) Representative histological sections of trabecular bone of femurs stained with TRAP to visualize OCs, indicated
by black arrows, and counterstained with hematoxylin to visualize bone trabeculae. Scale bar  100 m. Error bars  sem.
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ing. This phenotype has not been observed in the
original report on hck/ mice because the techniques
used did not allow the level of resolution that we
present in the current study (11).
The urine and blood parameters characterizing bone
formation and resorption in vivo indicated that hck/
mice have decreased bone degradation and normal
bone formation activities. Despite our observation that
hck/ OCs have more efficient bone degradation
activity in vitro than their wt counterparts, we propose
that the in vivo osteopetrotic phenotype is likely result-
ing from the lower number of OCs present in bones. As
we show that osteoclastogenesis and OC viability of
hck/ precursors is not affected in vitro, these findings
suggest that the decreased OC numbers in hck/ mice
is not the result of altered differentiation or life span.
OC differentiation could be regulated not exactly in
the same fashion in vivo and in vitro, but in several
studies, both processes appear similar (44). Lyn, Fyn,
and Src have been shown to regulate osteoclastogenesis
(40, 44–47). Whereas Hck is necessary for macrophage
fusion in other contexts, such as HIV-1-induced giant
macrophage formation (33), we show here that Hck is
not involved in the process of cell fusion along oste-
oclastogenesis.
As described previously in hck/ macrophages (24,
25), hck/ pre-OCs have a strong defect in podosome
formation and organization as rosettes. The conse-
quence is reduced proteolytic activity of the extracellu-
lar matrix and defective mesenchymal migration. These
results were expected, since podosomes, and more
particularly podosome rosettes, have been implicated
in the protease-dependent mesenchymal migration of
macrophages (24–26). Interestingly, hck/ mature OCs,
in which podosome organization is restored, recover
the ability to migrate in 3D environments and to
degrade the bone matrix. Our current findings in
metatarsals of 1-wk-old mice, in which there is a strong
dependency on pre-OC recruitment for bone remodel-
ing, strongly support the idea of impaired pre-OC
migration in Hck-deficient mice. Interestingly, a re-
duced number of TRAP-positive cells is also observed in
bones of adult mice, providing a good explanation for
the generalized osteopetrosis observed and indicating
that the defect persists through the lifetime of the mice.
To our knowledge, MMPs, and, more precisely MMP9,
are the only effectors of OC recruitment to bones
described to date (41, 48, 49). In MMP9/ mice,
defective endochondral ossification has been observed
and described to delayed bone recruitment of pre-OCs
(49). Thus, collectively we propose that, by regulating
the formation and organization of podosome rosettes
in pre-OCs, Hck controls their bone recruitment and
thereby controls the number of mature OCs in bones.
It has been recently established that osteoclast precur-
sors are recruited from the blood circulation to bones
(5), and thus they are expected to cross several anatom-
ical barriers. Our results provide a new contribution to
understanding the mechanisms involved in OC recruit-
ment by identifying Hck as an effector of the migration
of pre-OCs to bones.
In mature hck/ OCs, podosome formation, organi-
zation and bone degradative activity are normal. A
compensatory mechanism of altered expression of
other Src kinases could take place, as often described in
other studies using mice deleted of an Src family
member (17, 28, 50). We suspected that Src could
compensate for Hck deletion for the following reasons:
Src has been described as a regulator of several podo-
some parameters in OCs (16, 21), Hck expression is
doubled in src/ mice (17), and src/ hck/ mice
have more severe osteopetrosis than the single-mutant
mice (17). Supporting our hypothesis, we observed that
Src is 1.7-fold overexpressed in mature hck/ OCs in
comparison with wt cells, while Lyn expression was not
modified. Interestingly, Src overexpression occurred at
the late stage of OC differentiation. Thus, if we assume
that Src overexpression is compensating for Hck dele-
tion, the phenotype of pre-OCs, in which Src is not
overexpressed, is clearly the only situation in which Hck
function alone is revealed. In src/ OCs, Hck is
overexpressed, and both individual podosomes and
podosomes organized as clusters are formed. There-
fore, we propose that Hck is involved in podosome
formation and organization but not in the formation of
podosome belts or sealing zones, which are more likely
a specific function of Src in mature OCs. An intriguing
observation in src/ mice is the number of OCs in
bones that is doubled. Now we can explain it by
proposing that Hck overexpression in src/ mice (17)
might favor pre-OC migration and thereby partially
compensate for the bone-resorption defect of mature
OCs. The src/ phenotype has been classified as a rich
osteoclast osteopetrosis (for an extensive review, see
ref. 51), contrary to Hck, which we describe as a poor
osteoclast osteopetrosis. The specificity of the two phe-
notypes can explain why in src/ hck/ double-
knockout mice the osteopetrotic phenotype is more
severe than in the simple-knockout src/. In addition,
the following two observations are also in favor of a less
important defect in bone homeostasis for hck/ mice
than src/mice. First, hck/OCs release more MMP9
than wt OCs. MMP9 expression has been shown to be
enhanced by Src activation in tumor cells (42). Thus, in
addition to restoration of a normal podosome organi-
zation, we propose that Src overexpression in hck/
OCs could also participate in the increased bone-
resorption activity of hck/ OCs through MMP9 over-
expression. This highly degrading function of hck/
OCs, however, does not compensate for their reduced
number in bones and does not abolish the osteope-
trotic phenotype. Second, the differentiation and bone
formation activity of osteoblasts, a cell type that does
not express Hck (39), have been shown to be enhanced
when the expression of Src is decreased (52), thereby
contributing to the much stronger osteopetrotic phe-
notype in src/ compared to hck/ mice.
In hck/ mice, the osteopetrotic phenotype is char-
acterized by a defective organization of trabeculae
associated with a markedly reduced number of TRAP-
positive cells in bones of newborn and adult animals. A
subset of osteopetrotic phenotypes coupled with a low
number or absence of OCs has been linked with weak
to severe chondrodysplasia (53–55). Intriguingly, we
did not observe any defect in the growth plate of young
hck/ mice. Normal vascularization and degradation
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of hypertrophic cartilage seems to occur, indicating
that hck deficiency does not impede the action of
septoclasts (56, 57) and chondroclasts (58), the main
TRAP-positive cell types implicated in chondrodyspla-
sia. Thus, it is likely that the role of Hck in bone could
be restricted to a subpopulation of pre-OCs (59).
In summary, this study provides insight into the
interplay between members of the Src family, clearly
showing both independent and redundant roles. We
show for the first time the role of Hck in OC and bone
homeostasis, including a function not shared with Src,
the recruitment of pre-OCs to bones. In pre-OCs, Hck
plays a critical role in the organization of podosomes
and cell migration, which likewise explains the dimin-
ished number of TRAP-positive cells in bones of hck/
mice and the osteopetrotic phenotype. Recent studies
have shown that OCs are involved in the pathogenesis
of bone and joint destruction in rheumatoid arthritis
(60). Pharmacological inhibitors of Hck and Src may
decrease OC recruitment and bone degradation activity
and may be used as novel treatments for rheumatoid
arthritis.
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Mycobacterium tuberculosis (Mtb) is a successful intracellular pathogen that thrives
in macrophages (Mϕs). There is a need to better understand how Mtb alters cellular
processes like phagolysosome biogenesis, a classical determinant of its pathogenesis.
A central feature of this bacteria’s strategy is the manipulation of Mϕ actin. Here,
we examined the role of microRNAs (miRNAs) as a potential mechanism in the
regulation of actin-mediated events leading to phagocytosis in the context of mycobacteria
infection. Given that non-virulent Mycobacterium smegmatis also controls actin filament
assembly to prolong its intracellular survival inside host cells, we performed a global
transcriptomic analysis to assess the modulation of miRNAs upon M. smegmatis
infection of the murine Mϕ cell line, J774A.1. This approach identified miR-142-3p
as a key candidate to be involved in the regulation of actin dynamics required in
phagocytosis. We unequivocally demonstrate that miR-142-3p targets N-Wasp, an
actin-binding protein required during microbial challenge. A gain-of-function approach for
miR-142-3p revealed a down-regulation of N-Wasp expression accompanied by a decrease
of mycobacteria intake, while a loss-of-function approach yielded the reciprocal increase of
the phagocytosis process. Equally important, we show Mtb induces the early expression
of miR-142-3p and partially down-regulates N-Wasp protein levels in both the murine
J774A.1 cell line and primary humanMϕs. As proof of principle, the partial siRNA-mediated
knock down of N-Wasp resulted in a decrease of Mtb intake by human Mϕs, reflected in
lower levels of colony-forming units (CFU) counts over time. We therefore propose the
modulation of miRNAs as a novel strategy in mycobacterial infection to control factors
involved in actin filament assembly and other early events of phagolysosome biogenesis.
Keywords: phagocytosis, N-Wasp, miRNA, miR-142-3p, tuberculosis, macrophage, M. tuberculosis, M. smegmatis
INTRODUCTION
In the arms race of host-microbe coevolution, pathogens such as
Mycobacterium tuberculosis (Mtb) have evolved ingenious strate-
gies to survive inside the host. Prominent among these strategies
is the subversion of macrophages (Mϕs), which play a dual role
as the primary host cell for microbial replication and as the cru-
cial effector cell in the immune response against this obligate
intracellular pathogen. Mϕs are ideal targets for subversion since
they are endowed with bacterial killing mechanisms, such as the
exposure of the invading microbes to a hostile intracellular envi-
ronment, such as occurs following fusion of phagosomes with
acidic and hydrolase-rich lysosomes (phagolysosomes). Perhaps
the best-known strategy for any invading bacterial pathogen is to
manipulate the early steps of the interaction with Mϕs, in order
to avoid the activation of the microbiocidal mechanisms. This is
indeed the case for Mtb as the inhibition of phagolysosome bio-
genesis in infected Mϕs is a classical pathogenesis determinant
(Deretic et al., 2004).
We, and others, have shown that in phagolysosome biogenesis
there are at least three distinct processes inhibited by mycobac-
teria: phagosomal actin assembly, fusion with lysosomes, and
acidification (Sturgill-Koszycki et al., 1994; Anes et al., 2003, 2006;
Castandet et al., 2005; Kozomara and Griffiths-Jones, 2011). A
central feature to this pathogenic strategy is the manipulation
of actin’s fate within Mϕs such that it favors bacterial survival.
In Mϕs, actin filament assembly is required for pseudopodia
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provided evidence that phagosomal membranes provide tracks
for lysosomes to move toward the actin nucleating organelle
(Anes et al., 2003; Kjeken et al., 2004). In addition, actin fila-
ment assembly also plays a role in the pro-inflammatory response.
Several signaling lipids, cAMP, extracellular ATP and the P2X7
receptor, were shown to be involved in actin assembly and the
killing/survival of pathogenic mycobacteria (Kalamidas et al.,
2006; Treede et al., 2007; Jordao et al., 2008a,b; Kühnel et al.,
2008; Kuehnel et al., 2009). Furthermore, some lipid effectors that
regulate actin assembly also control NF-κB, a transcription fac-
tor involved in the pro-inflammatory response (Gutierrez et al.,
2009). While these observations suggest a central role of actin
assembly in boosting the ability of Mϕs to kill mycobacteria,
the mechanism(s) of how Mtb or Mϕs control actin-mediated
dynamic events during infection remain relatively unknown.
Considering the temporal aspects of the phagocytic process it
must be appreciated that many of the processes occur at quite dif-
ferent time scales. A single round of phagocytosis occurs much
faster (in a few minutes) than a transcriptional response result-
ing in protein synthesis (at least 10min, and up to many hours).
The earliest measurable event in phagocytosis is actin assem-
bly, a highly sophisticated process that generally occurs on the
surface of cellular membranes; it occurs at the time scale of sec-
onds. Therefore, the mechanisms influencing these early events
of the microbe-Mϕ interaction must be equally dynamic in terms
of time and efficiency. Recently, a new class of regulators has
emerged as key participants in controlling cellular processes:
the microRNAs (miRNAs). These are small non-coding, single-
stranded RNAs (around 22 nucleotides length), which act by
specifically binding to the 3′-UTR regions of target mRNAs, caus-
ing translational repression or mRNA degradation, along with
subsequent reduction in protein expression and thereby function.
The miRNAs are emerging as important subject of investiga-
tion due to their roles in development, cancer (Williams, 2008),
metabolic and neurologic disorders (Boissonneault et al., 2009),
cardiac regeneration (Eulalio et al., 2012a). They are also accepted
as playing key roles in inflammatory responses (O’Connell et al.,
2012); among other biological activities.
Especially relevant to the present study are the observations
implicating miRNAs in the regulation of the mRNA levels of
actin-binding proteins (ABP) and other factors involved in actin-
mediated events. For instance, miR-21 targets the mRNA for the
tropomyosin (Zhu et al., 2007); both miRNA-143 and miR-145
regulate podosome formation in smooth muscle cells (Xin et al.,
2009); and miR-145, miR-133a, and miR133b target the fascin
homolog 1 (Kano et al., 2010). Moreover, cofilin is indirectly reg-
ulated by miR-205 via Rho-ROCKI activity in keratinocytes (Yu
et al., 2010). Other known examples include that of MiR-132 reg-
ulating Rac1 activity and hippocampal spine formation (Impey
et al., 2010), and miR-206 targeting the mRNA for the GTPase,
Cdc42, in a breast cancer cell line (Liu et al., 2010). Finally, the
WASP family member WAVE3, an actin cytoskeleton remodel-
ing and metastasis promoter protein, is regulated by miR-200
(Sossey-Alaoui et al., 2009). Therefore, it is plausible that micro-
bial pathogens might manipulate actin-dependent events through
the modulation of the host miRNAs to enhance their survival
within Mϕs.
In the context of host-pathogen interactions, the pathogenic
capacity to alter the host miRNA repertoire is most clearly seen in
the considerable progress done in the context of viral and para-
sitic infections (Cullen, 2011; Hakimi and Cannella, 2011). Yet, in
comparison to these two types of microbial infections, the host
miRNA response to bacterial pathogens has been less explored
(Eulalio et al., 2012b). Perhaps the importance of miRNAs in
the host response against bacterial infections is best illustrated in
the case of Salmonella. Indeed, this intracellular bacterium trig-
gers specific alterations in the miRNA repertoire in Mϕs, such as
the down-regulation of the Let-7 miRNA gene family members
that serve as a post-transcriptional brake to IL-6 and IL-10 secre-
tion, thereby modulating the immune response in favor of the
pathogen (Voinnet, 2011; Eulalio et al., 2012b). Recently, how-
ever, there has been also an increase interest in the role of miRNA
in mycobacterial infections. This includes the identification of
miRNAs as biomarkers for tuberculosis (TB) at different stages
(Fu et al., 2011; Wang et al., 2011; Qi et al., 2012; Yi et al., 2012;
Spinelli et al., 2013), and the modulation of the miRNA repertoire
during host cell infection with Mtb (Rajaram et al., 2011; Singh
et al., 2013), Bacillus Calmette-Guerin (BCG) (Ma et al., 2011;Wu
et al., 2012) andM. avium (Sharbati et al., 2011). In particular, the
regulatory effect on pro-inflammatory cytokine production via
the mIR-125b/mIR-155 axis represents the best described strat-
egy of howMtb subverts host immunity and potentially enhances
its virulence. On the one hand, Mtb blocks the biosynthesis of
TNFα and prevent its pro-inflammatory consequences by increas-
ing inducing high levels of mIR-125b through lipomannan (the
major cell wall component) secretion. On the other hand, the
lipomannan from the non-pathogenicM. smegmatis fails to affect
the mIR-125b expression, and instead, the host miRNA response
is characterized by the induction the mIR-155 expression, which
enhances TNFα mRNA half-life and translation, resulting in a
stronger microbiocidal outcome (Rajaram et al., 2011).
To our knowledge, there are no reports in the literature con-
cerning the role of miRNAs in the mRNA regulation of ABPs
associated with early events in bacterial phagocytosis leading
to phagolysosome biogenesis. Based on previous work with M.
smegmatis as a model of phagocytosis, we found out that this
non-virulent mycobacterial strain is able to modulate the actin
cytoskeleton and the pro-inflammatory response in such as way
as to enable its intracellular survival up to 2 days, despite the fact
that it cannot prevent its ultimate elimination from the host cell
(Anes et al., 2003, 2006; Jordao et al., 2008a). The ability of the
host cell to assemble actin from the membrane of the phagosome
is directly related with additional fusion events with lysosomes
that lead to the killing of mycobacteria. We therefore decided to
investigate the role of miRNAs as a potential novel mechanism
in the regulation of actin-mediated events influencing the pro-
cess of phagocytosis within the context of mycobacteria infection,
including both non-virulent and virulent species.
MATERIALS AND METHODS
CELL PREPARATION, CELL LINES AND BACTERIAL CULTURE
CONDITIONS
The mouse Mϕ cell line J774A.1 was cultured as described pre-
viously (Anes et al., 2003). The human monocyte derived Mϕs
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were obtained from healthy blood donors (Instituto Português
do Sangue, Lisbon, Portugal), and differentiated following a pre-
viously published procedure (Wang et al., 2010). A protocol
of collaboration was established between Drs. Anes and Castro
(the head of the Portuguese Institute for Blood in 2007), in
order to have access to buffy coats from blood donors for sci-
entific research. Alternatively, monocytes were obtained from
healthy blood donors Etablissement Français du Sang (EFS) in
Toulouse, France. Written informed consents were obtained from
the donors under EFS contract n◦21/PVNT/TOU/IPBS01/2009-
0052. Following articles L1243-4 and R1243-61 of the French
Public Health Code, the contract was approved by the French
Ministry of Science and Technology (agreement nuAC 2009-
921). The monocytes were differentiated into Mϕs following a
previously published protocol (Tailleux et al., 2003).
The strain Mycobacterium smegmatis mc2155, containing
a p19 (long lived) EGFP plasmid was kindly provided by
Dr. Douglas Young (London School of Hygiene and Tropical
Medicine, London, UK), and the green fluorescent protein
(GFP)-expressing strain of M. tuberculosis (H37Rv-pEGFP) plas-
mid was a kind gift from G. R. Stewart (University of Surrey,
United Kingdom). M. smegmatis was grown in medium contain-
ing Middlebrook’s 7H9 broth Medium (Difco, USA), Nutrient
broth (Difco, USA) supplemented with 0.5% glucose and 0.05%
Tween 80 at 37◦C on a shaker at 200 r.p.m. (Anes et al., 2003).
Bacteria were sub-cultured every day in fresh medium before use.
M. tuberculosis H37Rv was grown in Middlebrook’s 7H9 medium
(Difco) and supplemented with 10% OADC Enrichment (Oleic
acid; Albumin Factor V, Bovine; Dextrose; Catalase Powder;
Sodium Chloride) (Difco, USA) (Anes et al., 2003).
Mϕ INFECTION
Bacterial cultures in exponential growth phase were spin-down,
washed in phosphatebuffered saline (PBS, without Ca2+ or
Mg2+, GIBCO Invitrogen) and resuspended in Dulbecco’s
Modified Eagle Medium (DMEM). Bacterial clumps were
removed by incubation in an ultrasonic water bath for 15min, fol-
lowed by a low speed centrifugation for 2min. Mϕs were seeded
onto 24-well tissue culture plates, 5 × 105 cells/well, for protein
and RNA extraction. For immunofluorescence (IF), 0.5 × 105
cells/well were seeded into cover slips and incubated for overnight
until reach 1.5 × 105 cells per cover slip. Mϕs were infected with a
single-cell suspension of mycobacteria at multiplicity of infection
(MOI) of 10:1 (10 bacteria per Mϕ). Bacteria were internalized
by Mϕs during 1 h (infection experiment), at 37◦C with 5% CO2.
In every experiment, after 1 h of infection, cells were washed with
PBS and maintained in DMEM with Gentamycin (10μg/ml) to
kill extracellular bacteria.
The colony-forming units (CFU) assay in Mϕs was performed
following a previously published proceduture (Botella et al.,
2011). Briefly, Mϕs were incubated with bacteria in RPMI-10%
AB serum (MOI 0.1 for human cells and 10 for mouse cells) and
for various times (see text). For bacterial proliferation experi-
ments, after a 4-h infection with H37Rv-eGFP, Mϕs were washed
with PBS to remove extracellular bacteria, and were then incu-
bated in fresh medium. At the indicated time points, cells were
lysed with 500μl of 0.1% Triton X-100 in sterile water, and viable
intracellular bacteria were counted by plating serial dilutions of
the lysates onto Middlebrook 7H11 agar-10% OADC.
Alternatively, the rate of phagocytosis of H37Rv-pEGFP by
humanMϕs was measured after 4 h of infection (MOI 10) by flow
cytometry using a Becton Dickinson LSRII flow cytometer using
the FlowJo software.
MicroRNA EXPRESSION
Total RNA was isolated using TRIzol reagent (Invitrogen,
Paisley, Scotland) according to the manufacturer’s instruc-
tions. RNA quality was controlled using the RNA 6000 Pico
LabChip kit (Agilent, Waldbronn, Germany) and quantified
with a NanoDrop ND-1000 Spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA). Microarray results were
submitted to GEO repository with the GEO accession number
GSE23429.
RT-qPCR
Messenger RNA relative quantification started with 1μg of total
RNA that was used for random hexamer primed cDNA synthe-
sis (SuperscriptTM II reverse transcriptase, Invitrogen) according
to the manufacturer protocol. Amplification was detected using
SYBR Green PCR master mix (Applied Biosystems) and differ-
ent sets of primers (MWG) at a final concentration of 0.5μM.
The PCR settings used: 1 cycle of 95◦C for 10min, followed
by 40 cycles of 95◦C for 15 s, 60◦C for 30 s, and 72◦C for 30 s.
The mRNA expression profiles were normalized with respect
to GAPDH (Glyceraldehyde 3-phosphate dehydrogenase). The
qPCR was performed using an ABI 7500 Real Time PCR System
(Applied Biosystems) and data was collected at the amplification
step and analysed with SDS v1.2. Software. Fold increase of each
gene was calculated using the −2−Ct method.
The specific relattive quantification of miR-142-3p in total
RNA samples was based on TaqMan MicroRNA Assays from
Applied Biosystems (ABI) in our laboratory or by final report
analysis provided by EXIQON (DK) microRNA qPCR services.
Briefly, 10 ng of total RNA were used for cDNA synthesis, accord-
ing to the manufacturer protocol. The qPCR was run with the
following steps: 1 cycle of 95◦C for 10min, followed by 40 cycles
of 95◦C for 15 s, and 60◦C for 15 s, without dissociation stage. The
miRNA expression profiles were normalized either to reference
gene U6 (snRNA) or to the average obtained between miR-23a,
miR-23b, and miR-24, whose expression levels are stable under
the experimental conditions applied in this study. The mean and
standard deviation over all the median normalized intensity data
obtained from the microarray was calculated. The data was fil-
tered so that the mean expression of the median normalized
intensity value is high (higher than 10), and that the standard
deviation is low (15 % of the mean).
IDENTIFICATION OF THE SPECIFICITY OF miR-142-3p TO THE 3′-UTR
mRNA OF N-WASP
A 356 bp fragment of 3′-UTR of Wasl mRNA, containing the
seed sequence (ACACTAC) of miR-142-3p was amplified by PCR
(forward primer 5′-GCGACGTCGGTGAAATACTAAACACTA
CTTC-3′, reverse primer 5′-CCCTCGAGGTACAGAAAAAGTA
GGGTATG-3′). The fragment was designated asWasl 3′-UTR and
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inserted into the pmirGLO dual-luciferase miRNA target expres-
sion vector (Promega), between the SacI and XhoI restriction
sites. Mutant plasmids were constructed bearing a single point
mutation on the primer that includes the seed sequence, thus
incorporating this mutation on the amplicon during the PCR
amplification. The forward primer 5′-GCGAGCTCGGTGAA
ATACTAAACATTACTTC-3′ for Wasl 3′-UTR plasmid was used.
Point mutation is underlined.
TRANSIENT TRANSFECTION
The miR-142-3p mimics and inhibitors (Dharmacon, Lafayette,
CO, USA) were used for transient transfection in gain or loss-of-
function experiments, respectively. The negative control sequence
(scramble), was designed by the supplier, and was confirmed
to have minimal sequence identity with miRNAs in human,
mouse and rat. Either 100 nM of synthesized oligonucleotide
or 10 ng/μl of plasmid were mixed with 1.5μl of Dharmafect4
(Dharmacon, Lafayette, CO, USA) per 400μl of serum free
DMEM and transfected into 1.5 × 105 cells. The transfection effi-
ciency achieved was approximately 90%, as evaluated by confocal
microscopy using a miR-142-3p inhibitor labeled with Alexa 594
fluorochrome (Exiqon, Vedbaek, Denmark). After transfection,
the cells were allowed to recover by incubating either for 48 or
72 h at 37◦C, for total RNA of phenotypic assays.
For the Dual-Luciferase assay, the constructed plasmids were
co-transfected, with the mimics for miR-142-3p or scram-
ble (Dharmacon, Lafayette, CO, USA), into HEK293t cells.
The reporter assay was performed using the Dual-Luciferase
Reporter Assay System (Promega), according to manufacturer’s
instructions.
IMMUNOFLUORESCENCE
Cells were fixed with 4% paraformaldehyde, 4% sucrose solution
in PBS for 30min, and quenched by incubating with PBS 50mM
NH4Cl. Then cells were permeabilized with 0.1% Triton in PBS
for 5min. Fixed cells were washed and blocked with 1% BSA in
PBS and incubated with rhodamine-phalloidin for F-actin stain-
ing and 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI)
for nuclear staining (both from Molecular Probes, Invitrogen,
UK), in 1% BSA/PBS for 30min. Cells were mounted with Dako
mounting media and analysed by confocal microscopy (Zeiss
LSM510 META).
WESTERN BLOT
Cells plated in 24-well plates, under different conditions, were
washed twice with PBS, and harvested in 250μl of ice-cold, non-
denaturating lysis buffer (TRIS 50mM,NaCl 150mM, Triton 1%,
EDTA 1mM, Protease Inhibitor Cocktail Tablets from Roche,
Mannheim, Germany). Lysates were collected after 30min of
incubation and spun down for 5min at 12000 × g, to remove
debris of broken cells. The supernatant was collected and the
protein concentration was measured using Bradford method.
Approximately 20μg of protein extracts were subjected to elec-
trophoresis in 10% SDS-PAGE gels, transferred to a nitrocel-
lulose membrane and blocked with 0.1% Tween20, 5% of low
fat milk Tris Buffered Saline (TBS). The nitrocellulose mem-
brane was then incubated with the primary antibodies, anti-
N-Wasp, Cdc42, or Tubulin rabbit monoclonal antibodies (Cell
Signaling, USA). For the confirmation of siRNA-mediated inacti-
vation of N-Wasp, total protein lysates were extracted in the same
manner as above. Proteins were separated with 4–12% Bis-Tris
Gel (Invitrogen), transferred onto nitrocellulose membranes and
incubated with anti-N-WASP (H100, Santa Cruz Biotechnology,
1/200), anti-actin (A5060, Sigma, 1/10000) overnight at 4◦C. All
membranes were washed and incubated with secondary HRP-
conjugated antibodies. The bands were visualized with a chemilu-
miniscence reagent (Amersham Biosciences, UK) and quantified
using Adobe Photoshop CS3 software.
siRNA-MEDIATED GENE SILENCING
Human Mϕs were transfected with the siRNA (final concen-
tration of 133 nM) using the Hiperfect transfection reagent
according to the protocol we have developed and optimized
(Lefèvre et al., 2013). This siRNA targeted the following human
genes (all SMARTpool from Dharmacon): WASL and a non-
targeting/scramble. This protocol resulted in a transfection effi-
ciency of nearly 100% and a survival rate ranging no less than
85%, as determined by flow cytometry of cell transfected with
siGLO RISC-free siRNA (Dharmacon) and the Anexin-V kit
(Miltenyi Biotec). Upon 6 h of transfection with these siRNAs,
the reaction was stop by adding medium with the presence of
MCSF (10 ng/ml) (Miltenyi Biotec). After 96 h, MDMs were used
for experiments. The gene silencing effect lasted up to 7 days with
no significant toxicity to MDMs. Functional gene silencing was
verified by western blot analysis as described above.
ANALYSIS OF MICROARRAY DATA
GPR files produced fromGenePix Prov V 6.0 software (Molecular
Devices) analysis of scanned tif images were parsed, com-
bined and the data median normalized using the MiChip
library of BioConductor (http://www.bioconductor.org/help/
bioc-views/release/bioc/html/MiChip.html). The median of the 3
uninfected replicates was taken and used to produce log2 ratios
with respect to the normalized data from infected cells. The
log2 ratio data was then analysed using Significance Analysis of
Microarrays (SAM) (Tusher et al., 2001) with a False Discovery
Rate (FDR) < 1% using the TigrTools MeV package (Saeed et al.,
2006) and hierarchal clustered using the same application.
STATISTICAL ANALYSIS
Data are presented as mean either ± SD or ± SEM of at least
three independent experiments; p-values (Student’s T-Test) are
relative to the control. Statistical significance was assumed when
P < 0.05.
RESULTS
EXPRESSION OF miR-142-3p IS INDUCED IN MURINE Mϕs UPON
MYCOBACTERIA INFECTION
To discern whether miRNAs are involved in phagocytosis during
the context of mycobacterial infection, we first decided to assess
the modulation of miRNAs via a global transcriptomic analysis.
Previously, we demonstrated that the non-virulent M. smegmatis
is able to modulate actin filament assembly in order to prolong its
intracellular survival up 2 days before it succumbs to the diverse
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antimicrobial strategies employed byMϕs to eliminate intracellu-
lar pathogens (Anes et al., 2003, 2006; Jordao et al., 2008a). Since
virulent Mtb is well known to block actin filament assembly to
facilitate its survival in the host cell, we reasoned that the con-
trol mechanisms of actin filament assembly might be a shared
feature among these mycobacterial strains. For this reason, and
the fact that M. smegmatis is an easier model to work with (i.e.,
a fast doubling time and a biosafety level 1 laboratory require-
ment), we performed microarrays analysis. For this we infected
the murineMϕ cell line J774A.1 with this non-virulent bacterium
for 1 h. As shown in Figure 1A andTable 1, this approach revealed
the modulation of 36 miRNAs, of which 27 were induced and 9
down-regulated.
Next, in order to select the key potential miRNA candidates
involved in the regulating actin dynamics required for phagocy-
tosis, we applied the following criteria: (1) the quality of the raw
data was considered by looking for midrange expression in order
to avoid the effects of low level expression changes due to back-
ground or high level saturation; (2) to ensure reproducibility we
used data based on triplicates with acceptable low standard devia-
tions; (3) the miRNAs should be highly conserved across species;
and the mRNA targets should be both (4) relevant early on during
bacteria internalization and (5) encode for ABPs. Based on these
criteria, the miR-142-3p was selected as the best candidate for fur-
ther study. Not only was its level of expression level acceptable
(∼2.4 fold change) but also it represented one of the highest mod-
ulated miRNA’s in our microarray analysis (Figure 1, Table 1);
it was also predicted to bind ABPs involved in phagocytosis,
as explained below. Moreover, miR-142-3p expression is associ-
ated to normal myeloid leukocyte differentiation (Careccia et al.,
2009), and among its bona fide gene targets in the immune system,
include the pro-inflammatory cytokine IL-6 that plays an essen-
tial role in protective and pathological immune responses (Sun
et al., 2011). To further validate the induction of this miRNA,
we performed qPCR analysis in J774A.1 Mϕs infected with M.
smegmatis at different time points and compared their expression
levels to uninfected cells. As shown in Figure 1B, we observed at
1 hpi a slight, but significant induction miR-142-3p expression
that was, however, short-lived: it returned to basal levels at 4 hpi.
Altogether, while the expression levels for this miRNA in J774A.1
Mϕs infected with M. smegmatis was slightly lower in the qPCR
analysis compared to those obtained from the microarray data,
they supported the notion that miR-142-3p is up-regulated at the
earliest stage of infection.
The miR-142-3p is predicted to target two mRNAs encod-
ing for ABPs, cofilin2 (Cfl2) and Wiskott-Aldrich Syndrome-
Like (human) (N-Wasp), which are involved during the early
events of phagocytosis (McGee et al., 2001; Caron et al., 2006;
Park and Cox, 2009; Dart et al., 2012). These two targets
were consistently present in all in 5 miRNA target predic-
tion databases used in this study: Targetscan (Lewis et al.,
2005), miRDB (Wang, 2008; Wang and El Naqa, 2008) and
microRNA.org (Betel et al., 2008), Diana (Maragkakis et al.,
2009a,b) and PicTar (Krek et al., 2005). Furthermore, addi-
tional predicted targets from all 5 databases were combined and
the intersections computed. Out of 2548 distinct genes, only
11 overlapped in all 5 prediction sets (Table 2). The combined
FIGURE 1 | MicroRNA Expression in J774A.1 Macrophages infected
with M. smegmatis for 1h. (A) Heatmap of the most significantly
regulated genes. The median normalized intensity values for each of the
three infected replicates were divided by the median of the uninfected (wild
type) samples. The ratio was then converted to log2 space and changes in
the expression ratio were analysed using the Significance Analysis of
Microarrays Test to isolate those with significant changes, FDR < 1%.
(B) Relative expression of miR-142-3p in mouse cells infected with M.
smegmatis at MOI 10, as measured by qPCR analysis. Data is represented
as the mean fold change per sample ± SD at 1 and 4h post-infection
(∗P ≤ 0.05).
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Table 1 | MicroRNA fold change regulation.







































The fold change is calculated by the ratio between the average of the microarray
data of the infected cells, and the average of the microarray data of the non-
infected cells. The differential expression for each gene is statistically significant
(P ≤ 0.05).
list of distinct gene targets (2548 genes, 2275 mapped to GO
terms) derived from the 5 miRNA target databases was further
analysed for enrichment of molecular function Gene Ontology
terms using the Genomatix Genome Analyser GeneRanker tool
(www.genomatix.de) El Dorado version 1210. GO terms selected
have a probability of enrichment less than 0.01. This anal-
ysis showed that ABPs and cytoskeletal-binding proteins are
indeed strongly enriched as potential targets of the miR-142-3p
(Table 3).
THE mRNA FOR N-WASP IS TARGETED BY miR-142-3p
Given its involvement during early events of phagocytosis (McGee
et al., 2001; Caron et al., 2006; Park and Cox, 2009; Dart et al.,
2012), and the strong prediction for it being a gene target for
miR-142-3p (Tables 1 and 3), we asked whether this miRNA
may target the 3′-UTR mRNAs Wasl (mRNA for N-Wasp). To
accomplish this, we used a dual luciferase reporter vector sys-
tem in which the 3′-UTR sequence for Wasl was inserted into
the pmirGLO dual-luciferase target expression vector. The sys-
tem allows one to quantitatively assessing the transcript activity,
upon binding to a potential miRNA target, thus validating the
specificity of miRNA-mRNA 3′-UTR pair interaction. As shown
in Figure 2A, the relative luciferase activity is lower in the pair
miR-142-3p/Wasl relative to the control, indicating that the miR-
142-3p targets the Wasl mRNA 3′-UTR with high probability
(P < 0.01). By contrast, when a plasmid bearing a mutated form
of the Wasl sequence by one nucleotide substitution was tested,
there was no decrease in luciferase activity detected. Altogether,
this demonstrates that Wasl is indeed a target of miR-142-3p.
THE MODULATION OF miR-142-3p EXPRESSION PARTIALLY
INFLUENCES THE AMOUNT OF N-WASP PROTEIN
Our previous results confirmed that miR-142-3p targets the
mRNA sequence of N-Wasp, suggesting it may influence the level
of N-Wasp protein, and consequently, the phagocytosis process.
In order to test this hypothesis, we first verified whether the
pathogenic Mtb strain H37Rv was capable of modulating the
miR-142-3p expression as M. smegmatis. We performed a time
course of infection (1, 4, and 24 hpi) with either strains and mea-
sured the miR-142-3p expression by qPCR analysis. As shown
in Figure 2B, Mtb significantly induced the expression levels for
miR-142-3p at 1 hpi similar to that obtained with M. smegma-
tis challenge. Yet, similar to the pattern obtained during infection
with M. smegmatis, the induction caused by Mtb was short-lived,
as the expression levels for miR-142-3p drops considerably at
4 hpi and remains low at 24 hpi (Figure 2B). Therefore, if miR-
142-3p plays a role in regulating N-Wasp activity, then it is only
early on during the interaction with mycobacteria, such as the
phagocytosis process.
Next, to examine whether miR-142-3p is able to regulate N-
Wasp expression in Mϕs, we conducted gain-of-function and
loss-of-function experiments in order to measure N-Wasp pro-
tein levels during mycobacterial infection. We employed the use
of either “mimics” of miR-142-3p to imitate and increase its
behavior (gain-of-function), or “inhibitors” to nullify its activ-
ity (loss-of-function), as described in Materials and Methods. In
this manner, Mϕs were transfected with mimics or inhibitors of
miR-142-3p and subsequently challenged with either M. smeg-
matis or Mtb for 1 h. Whole cell extracts were then prepared for
western blot analyses. As shown in Figure 2C, our results revealed
that Mtb alone can partially down-regulate the levels of N-Wasp
protein (∼20% less relatively to non-infected cells), as challenge
with M. smegmatis (either alive or heat-killed) failed to alter its
expression level. Likewise, the use of mimics partially decreased
the N-Wasp protein (∼20% less, relative to miRNA control) in
non-infected cells. Strikingly, there seemed to be an additive effect
with the use of mimics and challenge with Mtb since the level
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Table 2 | The detailed listing of the 11 genes that appear in the 5 databases.
Gene Name Accession number GO function DB counts
TMEM59 Transmembrane protein 59 NM_029565 Molecular function 5
ASH1L Ash1 (absent, small, or
homeotic)-like (Drosophila)
NM_138679 DNA-binding, histone-lysine
N-methyltransferase activity, metal ion-binding,
methyltransferase activity, molecular function,








factor activity, transcription repressor activity
5
CFL2 Cofilin 2, muscle NM_007688 Actin-binding, molecular function 5
RGL2 Ral guanine nucleotide dissociation
stimulator-like 2
NM_009059 Guanyl-nucleotide exchange factor activity 5
LRRC1 Leucine rich repeat containing 1 NM_172528, BC046591 Molecular function 5
WASL Wiskott–Aldrich syndrome-like
(human)
NM_028459 Actin-binding, protein-binding, small
GTPase regulator activity
5






SH3GLB1 SH3-domain GRB2-like B1
(endophilin)
NM_019464, AF272946 SH3 domain-binding, cytoskeletal adaptor
activity, fatty acid-binding, lipid-binding,












NM_183144 PH domain-binding, inositol-polyphosphate
5-phosphatase activity
5
List of genes predicted as targets for mmu-miR-142-3p were downloaded from the five miRNA target data bases (Diana, Targetscan, PicTar, micrornaorg and mirDB).
of N-Wasp protein was drastically reduced (∼50% compared to
miRNA control). This additive effect, however, was not observed
during challenge with M. smegmatis (either alive or heat-killed)
(Figure 2C). Unlike the treatment with mimics, Mϕs transfected
with inhibitors of miR-142-3p and subsequently challenged with
these mycobacterial strains showed no significant change in the
protein levels of N-Wasp, implying that a compensatory effect was
occuring (Data not shown).
miR-142-3p ACTIVITY CORRELATES WITH A REDUCTION OF THE
AMOUNT OF INTERNALIZED MYCOBACTERIA PER Mϕ
The reduction of N-Wasp expression by the treatment mimick-
ing miR-142-3p of Mϕs infected with either mycobacterial strain,
prompted us to investigate for a possible role for this miRNA
in controlling the early stages of phagocytosis. To assess this, we
again employed the use of either “mimics” or “inhibitors” of
miR-142-3p activity. Our hypothesis predicted a decrease in bac-
terial intake with the use of the mimics and an increase in the
presence of inhibitors. As depicted in Figure 3A, confocal anal-
ysis confirmed that Mϕs treated with the mimics resulted in a
reduced amount of intracellularM. smegmatis at 4 hpi when com-
pared to the negative control (scrambled miRNA). By contrast,
Mϕs treated with the inhibitors led to a dramatic increase in the
amount of intracellular M. smegmatis. This effect was accompa-
nied by distinct morphological changes in terms of cell size and
large numbers of phagocytic cups, as compared to Mϕs treated
with the mimics (Figure 3B). The quantification analysis of the
confocal analysis is illustrated in Figure 3C. Furthermore, the
bacterial intake under these conditions was also measured at
1 or 4 hpi by CFU assays; this alternative quantitative method
revealed similar effects to those obtained by confocal microscopy
(Figure 3D). In the case for Mtb, Mϕs treated with the miR-142-
3p mimics resulted in a significant reduced amount of intracel-
lular Mtb when compared to the miRNA control at 4 hpi, thus
confirming our previous results with M. smegmatis challenge
(Figure 4A). However, we were surprised that treatment of Mϕs
with the inhibitors did not lead to a significant increased level of
intracellular Mtb, as it was the case forM. smegmatis (Figure 4B).
The quantification analysis of the confocal analysis is provided in
Figure 4C.
Mtb INDUCES miR-142-3p EXPRESSION WHILE DECREASING THAT OF
N-WASP IN HUMAN PRIMARY Mϕs
MiR-142-3p is highly conserved across species (Kozomara and
Griffiths-Jones, 2011). Our findings in the murine model sug-
gest that Mtb induces the timely expression of miR-142-3p in
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FIGURE 2 | N-Wasp is a target of miR-142-3p. (A) Luciferase assay
showing the specific targeting of the 3′UTR of the mRNA of Wasl by the
miR-142-3p. Data are represented as the mean fold change per sample ±
SD (∗P ≤ 0.01). (B) Relative expression of miR-142-3p in J774A.1
macrophages infected with M. smegmatis or M. tuberculosis (MOI 10), as
measured by the EXIQON (DK) microRNA qPCR services. Data is
represented as the mean fold change per sample ± SD at 1, 4, and 24h
post-infection (∗P ≤ 0.05 relative to control). (C) Relative protein levels by
western blot in J774A.1 macrophages transfected with mimics of
miR-142-3p or not, and that of internalized mycobacteria (MOI 10) after a 1-h
challenge. N-Wasp levels are relative to that of α/β-Tubulin. A representative
blot from three independent experiments is shown with the densitometry
quantification: quantification of the relative levels of N-Wasp in infected
macrophages, treated with either mimics of miR-142-3p or scramble
(∗P ≤ 0.01; ∗∗P ≤ 0.001).
order to down-modulate the function of N-Wasp protein, and
therefore, modulate the uptake by phagocytic cells. Given the
Mtb is the etiological agent of TB in humans, and that human
Mϕs are the primary replication site for this obligate intracellu-
lar pathogen, we used primary human monocyte-derived Mϕs in
order to investigate whether the expression of miR-142-3p leads
to a subsequent reduction of N-Wasp and alter the rates of phago-
cytosis. Human Mϕs were exposed to latex beads (to induce a
“sterile” phagocytosis process), or challenge with either M. smeg-
matis or Mtb, and the miR-142-3p expression was quantified by
qPCR analysis. Our results indicate that while Mtb infection of
human Mϕs specifically induces the expression of miR-142-3p,
challenge with M. smegmatis or exposure to latex beads failed to
do so (Figure 5A, left).
Next, we measured whether the difference in miR-142-3p
expression obtained from the challenge with either mycobacte-
rial strain at 1 hpi is sustained throughout infection. Indeed, we
observed that it became more pronounced at 4 hpi, with an even-
tual decline at 24 hpi, but remaining always above the expression
level of non-infected cells (Figure 5A, right). Coincidently, the
protein levels of N-Wasp were slightly, but significantly reduced
(∼20%) at both 1 and 4 h upon Mtb infection, while remain-
ing unaffected by the challenge with M. smegmatis or exposure to
latex beads (Figure 5B). These results, along with those obtained
in the mouse model context, prompted us to examine whether
the decrease in N-Wasp expression had any functional con-
sequence for the phagocytosis process of Mtb. To accomplish
this, we used a siRNA-based protocol that we have adapted and
improved to effectively inactivate the gene expression in pri-
mary human Mϕs (Lefèvre et al., 2013). Using this protocol, we
obtained a significant reduction (on average ∼54%) of N-Wasp
protein levels in human Mϕs (Figure 5C). This partial inacti-
vation of N-Wasp protein resulted in a decrease of Mtb intake
as measured either by flow cytometry (Figure 5D, left), or by
CFU assays at 4 hpi (Figure 5D, left inlet); this pattern contin-
ued over a time course of 1 week (Figure 5D, right). Altogether,
these results suggest that the modulation of N-Wasp function via
miR-142-3p might contribute to the phagocytosis process of Mtb
in human cells.
DISCUSSION
TB is still one of the major causes of death due to a single
infectious agent (Mtb) with 1.7 million cases in 2009. There is
an urgent need for scientific research that may improve treat-
ment, diagnoses and prevention of TB. A better understanding
of how Mtb subverts host cells and hijacks cellular mecha-
nisms is necessary. A case in point is the inhibition by Mtb of
phagolysosome biogenesis in Mϕs, in which the regulation of
actin-mediated events plays a central role. For these reasons, we
decided to investigate the role of miRNAs as a potential novel
mechanism in the regulation of actin-mediated events influencing
the process of phagocytosis within the context of mycobacte-
ria infection. Taken all our observations together, we believe
this study makes three significant contributions to this emerging
field.
The first major contribution is our description of miRNA
modulation upon mycobacterial challenge. To our knowledge,
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FIGURE 3 | miR-142-3p activity correlates with a reduction of the
amount of internalized M. smegmatis per Mϕ. Confocal microscopy
showing quantitative and qualitative analysis of J774A.1 macrophages treated
with miR-142-3p mimics (A) or miR-142-3p inhibitors (B), and challenged with
M. smegmatis (MOI 10) for 4 h. Arrows indicate phagocytic cups. Blue (DAPI),
green (M. smegmatis GFP), and light red/orange (Rhodamine-Phalloidin). Bar:
20μm. (C) Quantification of the relative amount of bacteria per macrophage
treated with mimics or inhibitors of miR-142-3p. Data is represented as the
mean area of bacteria per macrophage, per sample ± SEM at 4 h post
infection (∗P ≤ 0.05; ∗∗P ≤ 0.01). Data was analysed using ImageJ macros
(http://www.formatex.info/microscopy4/614-621.pdf). (D) Colony forming
units assay (CFU) of M. smegmatis-infected macrophages (MOI 0.1) either
for 1 (top) or 4 (bottom) h, and under the treatment with mimics or inhibitors
of miR-142-3p (∗P ≤ 0.05).
this is the first study to undertake the assessment of miRNA
expression patterns during the early stages of the mycobacteria-
Mϕ interaction. Our global transcriptomic approach revealed
that 36 miRNAs are significantly modulated, of which 27 up-
regulated and 9 down-regulated. Beyond the identification of
miR-142-3p as a key candidate, and its implications (discussed
below), there are 9 miRNAs (i.e., miR: 29, 93, 101, 181, 207, 329,
451, 574, and 684) in our list that are reported to be similarly
modulated in multiple mycobacterial infection contexts (Fu et al.,
2011; Ma et al., 2011; Sharbati et al., 2011; Wang et al., 2011; Yi
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FIGURE 4 | miR-142-3p activity correlates with a reduction of the
amount of internalized M. tuberculosis per Mϕ. Confocal
microscopy showing quantitative and qualitative analysis of J774A.1
macrophages treated with miR-142-3p mimics (A) or miR-142-3p
inhibitors (B), and challenged with M. tuberculosis (MOI 10) for
4 h. Blue (DAPI), green (H37Rv-eGFP), and Light red/orange
(Rhodamine-Phalloidin). Bar: 20μm. (C) Quantification of the relative
amount of bacteria per macrophage treated with mimics or
inhibitors of miR-142-3p. Data is represented as the mean area of
bacteria per macrophage, per sample ± SEM at 4 h post infection
(∗P ≤ 0.05). Data was analysed using ImageJ macros (http://www.
formatex.info/microscopy4/614-621.pdf).
et al., 2012). Of special interest is themiR29 family, since its mem-
bers are known to play a major role in human diseases (Wang
et al., 2008; Park et al., 2009; Xiong et al., 2010). Not only are there
different reports about the up-regulation of miR-29a in patients
with active TB (Fu et al., 2011; Yi et al., 2012), but also its role
in the innate and adaptive immune responses to mycobacterial
infection has been recently described (Ma et al., 2011; Sharbati
et al., 2011). Indeed, miR-29 inhibits the production of IFNγ, a
crucial cytokine for the microbiocidal response against intracel-
lular pathogens. The fact that Mtb upregulates miR-29 expression
during the course of the infection suggests that it also modulates
IFNγ production to tilt the immune response in its favor (Ma
et al., 2011). Therefore, the case of miR-29 best illustrates the
potential of using microRNA modulation as microbial strategy
to circumvent the immune system (Eulalio et al., 2012b), and it
validates the exclusive list of miRNAs obtained in this study.
The second major contribution of this study is identification
of miR-142-3p as a key candidate involved in the regulation of
actin dynamics required in phagocytosis. The induction of miR-
142-3p as detected by our microarray analysis was confirmed by
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FIGURE 5 | Continued
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FIGURE 5 | Expression of miR-142-3p and N-Wasp levels in infected
human primary macrophages. (A) Left: relative expression of miR-142-3p
under M. smegmatis, M. tuberculosis or latex beads, exposure (1 h) of
macrophages, as measured by qPCR analysis. Right: relative expression of
miR-142-3p in human macrophages infected with M. smegmatis or M.
tuberculosis as the indicated time points, as measured by EXIQON (DK)
microRNA qPCR services. (B) Relative protein levels by western blot
analysis. N-Wasp levels relative to α/β-Tubulin either at 1 h post-infection with
20% reduction (upper left) or 4 h post-infection with 40% reduction (upper
right). A representative blot (bottom) from three independent experiments is
shown with densitometry quantification for each time point; data are
represented as the mean fold change per sample ± SD (∗P = 0.05). (C) The
siRNA-mediated inactivation of N-Wasp (WASL) was performed as described
in materials and method. Transfection of the siRNA SMARTpool targeting
N-Wasp (si-WASL) resulted in an average of about 54% reduction of the
protein level relative to that of the transfection with a non-targeting control
siRNA pool (si-CTL). A representative western blot analysis (right) illustrates
the gene inactivation obtained from four independent experiments (left); data
are represented as the mean fold change relative to control sample (set
arbitrarily at 1) ± SD (∗∗P ≤ 0.01). (D) Left: phagocytosis of H37Rv-eGFP by
human macrophages either inactivated for N-Wasp (si-WASL, gray) or
transfected with the non-targeting siRNA pool (si-CLT, black), was analysed
either by flow cytometry (histogram) analysis at MOI 10, or by CFU (inlet)
assay at MOI 0.1, after 4 h of infection. Red indicates the fluorescence
background of non-infected macrophages. The median fluorescence
intensities (MFI) are as follow: 36 (non-infected), 117 (si-WASL) and 189
(si-CTL). Right: H37Rv-eGFP proliferation as measured by CFU analysis for
different time points (days) for the same cellular conditions and donor as
described for left panel. The data are representative of two independent
experiments done in triplicates ± SD (∗P = 0.05; ∗∗P = 0.01).
qPCR analysis with both non-virulent and virulent mycobacterial
strains. In the murineMϕs, the challenge with these mycobacteria
resulted in a similar short-lived up-regulation of this miRNA, but
only during the first hour in infection. In primary human Mϕs,
however, only the challenge with virulent Mtb resulted in rapid
high levels of miR-142-3p over background, peaking at 4 h and
declining thereafter. The discrepancy between the results from
different between species can be explained by the fact thatMtb has
co-evolved as with humans with predilection for Mϕs as primary
reservoirs, or by the well-known differences between cell lines
and primary cells (e.g., pathogen recognition receptor repertoire),
among other reasons.
The expression of miR-142-3p was first reported to be exclu-
sive to cells of the hematopoietic system, with aberrant dys-
regulation in T-cell and B-cell leukemia (Bellon et al., 2009). In
addition, this miRNA was observed during normal granulocy-
topoiesis (Careccia et al., 2009), and more recently, characterized
as a key regulator (along with miR-29) for normal myeloid
leukocyte differentiation (Wang et al., 2012). In fact, the down-
regulation of these two miRNAs is associated with acute myeloid
leukemia development (Wang et al., 2012). Bona fide targets for
miR-142-3p include RAC1, CD133, IL-6, and ADCY9 (Huang
et al., 2009; Bissels et al., 2011; Sun et al., 2011; Wu et al., 2011).
Of particular interest, the latter two gene targets are of relevance
to our study. In the case of IL-6, the high expression of miR-142-
3p in murine and human dendritic cells was demonstrated to be
essential to regulate the biosynthesis of this cytokine and pre-
vent endotoxin-induced mortality (Sun et al., 2011). In the case
for ADCY9, miR-142-3p was reported to target this gene, result-
ing in the regulation of cAMP that is crucial to the suppressive
effect enforced by in CD4(+) CD25(−) regulatory T cells during
the resolution of the inflammatory response (Huang et al., 2009).
Indeed, the control of these two gene targets indicatesmiR-142-3p
can influence both arms of the immune system, and that aberrant
expression of this miRNA (e.g., due to a microbial hijacking strat-
egy), could then result in a defective inflammation response that
is counter-productive to host fitness. Finally, while miR-142-5p
is generated along with miR-142-3p after maturation of the pre-
miR-142 (Wu et al., 2009), it ultimately failed to target the mRNA
sequence for Cdc42ep4 mRNA 3′-UTR, a Rho GTPase that reg-
ulates signaling pathways controlling diverse cellular functions
including endocytosis (Data not shown). As Cdc42ep4 was the
only potential predicted target (by miRDB and microrna.org)
with the potential to regulate ABP activity, we therefore ruled out
that miR-142-5p can influence the early events of phagocytosis in
concert with miR-142-3p.
The third contribution of this study is the suggestion that
a novel but general strategy in the context of mycobacteria
infection is the role of miRNAs in modulating mycobacterial
uptake by phagocytic cells, revealed by the partial and tempo-
ral inhibition of N-Wasp activity via miR-142-3p. Collectively,
we demonstrate that: (1) mycobacteria infection of Mϕs results
in a short-lived induction of miR-142-3p, and in the case of
Mtb, accompanied by a partial decrease of N-Wasp protein lev-
els (2) N-Wasp mRNA (Wasl) is a direct target for miR-142-3p,
(3) miR-142-3p leads to a significant decrease of intracellular
mycobacteria intake by Mϕs, and (4) the siRNA-mediated inac-
tivation of N-Wasp in human Mϕs affects the initial rate of
phagocytosis of Mtb. Furthermore, an analysis of the 3′-UTR
sequence of the N-Wasp mRNA revealed that additional miR-
NAs might bind to this target. Based on the microRNA.org
tool (Betel et al., 2008), we identified miR-377, miR-32, miR-
410, miR-19b, and let-7f, as potential candidates to bind to
the 3′-UTR sequence of the N-Wasp mRNA, ultimately sug-
gesting that a group of different miRNAs might be directly
controlling the expression of a single target in a concerted
manner.
The regulation of N-Wasp activity is important, since this
protein is known to be involved in actin dynamics required dur-
ing the invasion of host cells by several pathogens. For instance,
salmonella induces actin assembly via N-Wasp and there-
fore bacteria uptake by non-professional phagocytes through a
type III secretion system (Unsworth et al., 2004). Additional
examples include the actin filament assembly and regula-
tion associated with the establishment of actin pedestals dur-
ing enteropathogenic E. coli EPEC (Kalman et al., 1999) and
Vaccinia virus invasion (Frischknecht et al., 1999), and the
actin tail-propulsion based invasion of host cells by shigella
(Suzuki et al., 1998) and listeria (Gouin et al., 1999). More
relevant for our study, actin tail based movement depen-
dent on N-Wasp during mycobacteria infection was also
described for Mycobacterium marinum, a close relative of
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Mtb (Stamm et al., 2003, 2005). Finally, a knock-out of N-
Wasp was associated with a defective immune response to M.
bovis BCG (Andreansky et al., 2005). All things considered, our
findings strongly suggest that effective modulation of N-Wasp
activity via miR-142-3p can influence the rate of bacterial intake
by Mϕs, and to our knowledge, this is the first description of
a microbial strategy employing the use of miRNAs to regu-
late actin-mediated events leading to phagolysosome biogenesis.
The central role of N-Wasp in this process is indeed supported
by the case of Yersinia pseudotuberculosis, which modulates the
activity of N-Wasp to control its internalization in host cells
(McGee et al., 2001).
As mentioned, one of the best strategies for an invading
microbe is to manipulate the early steps of the interaction
with Mϕs in order to avoid the activation of the microbicidal
mechanisms, as best illustrated by the ability of Mtb to inhibit
phagolysosome biogenesis in Mϕs (Deretic et al., 2004). A recur-
ring theme among the most successful intracellular microbes
is the targeting of the host cell’s cytoskeleton, implying that it
favors pathogenic entry into favored cells, movement within and
between target cells, influence in vacuole formation and remod-
eling, and control of phagocytosis. We argue that the miRNA
list provided in this report have potential roles in these activ-
ities, all in some way relying on the host cell cytoskeleton,
as evidenced by the role of miR-142-3p in partially control-
ling N-Wasp in activity in the process of phagocytosis. All in
all, this study promotes the concept of miRNA modulation as
a new venue for Mtb to shift the Mϕ response in its favor,
adding yet another chapter in the arms race of host-microbe
coevolution.
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a  b  s t  r a  c t
Leukocytes  migrate  through  most tissues  in the  body, a process which  takes  place in 3D  environments.
We  have  previously  shown  that macrophages  use  the  amoeboid migration  mode  in porous  matrices
such  as  fibrillar collagen  I  and the  mesenchymal  mode  involving  podosomes  and  matrix  proteolysis  in
dense  matrices such  as Matrigel.  Whether such  a plasticity may  apply to other  leukocytes and  to  all
subsets  of macrophages  is unknown.  Here,  we therefore  provide a comparative  analysis  of the  in  vitro
3D  migration  modes adopted  by  primary human  leukocytes.  Blood-derived  monocytes,  neutrophils  and
T  lymphocytes  were  found  to use the  amoeboid  mode  in a porous  fibrillar  collagen  I  matrix  but were
unable  to infiltrate  dense  Matrigel and to  form  podosomes.  M2-polarized  macrophages  and  elicited  per-
itoneal  macrophages  formed  podosome  rosettes, degraded the  ECM and infiltrated  both  matrices.  In
contrast,  M1 macrophages  were  motionless  in 2D and  3D  environments,  whilst resident  macrophages,
devoid  of podosomes,  were  only  able to use  the  amoeboid  mode. Thus, we  conclude  that  whereas  all
leukocytes  use  the  amoeboid  mode  to migrate  through  porous matrices,  it is only  certain macrophages
that  can  adopt the  mesenchymal  mode  that  permits migration  through  dense  matrices.  Interestingly,
the  acquisition  of  mesenchymal  migration  capacity by  macrophages  correlates  with  the  presence  of
podosomes  and with  their capacity  to organize  those  as rosettes,  which  appears  to be  modulated by
their  differentiation  and  polarization states.  As a perspective,  specific  control  of the  mesenchymal  migra-
tion  would  be  a potential  target for  therapeutic  approaches aiming  at  decreasing  macrophage  tissue
infiltration.
© 2012 Elsevier GmbH. All rights reserved.ntroduction
Trafficking of leukocytes is  a key process for immune cell
evelopment and host defence (reviewed in  Friedl and Weigelin,
008). Leukocytes are able to  migrate through most tissues in  the
ody and, in vivo, they encounter both 2-dimensional (2D) and 3-
imensional (3D) environments. 2D migration takes place along
urfaces such as inner vessel walls and inner epithelial surfaces,
hereas 3D migration takes place inside tissues composed of cells
∗ Corresponding author at: IPBS CNRS UMR5089, 205 route de Narbonne, BP
4182,  F-31077 Toulouse, France. Tel.: +33 05 61  17  54  58;
ax:  +33 05 61  17 59 94.
E-mail  address: isabelle.maridonneau-parini@ipbs.fr (I. Maridonneau-Parini).
171-9335/$ –  see  front matter ©  2012 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.ejcb.2012.07.002and extracellular matrix (ECM) protein scaffolds with heteroge-
neous composition and architecture.
We have shown that macrophages derived from blood mono-
cytes (MDMs) can use either the amoeboid migration mode, a
movement of rounded or ellipsoid cells that squeeze in  and glide
along the pores and gaps of a  porous ECM, e.g.  fibrillar colla-
gen I (Friedl and Weigelin, 2008; Van Goethem et al., 2010) or
the mesenchymal migration mode characterized by  elongated cell
morphology and requirement for proteases to  progress in a  non-
porous environment such as Matrigel or gelled collagen I (Van
Goethem et al., 2010). In environments with heterogeneous archi-
tecture, they combine the two migration modes (Guiet et al., 2011).
From those studies, we concluded that the architecture of  the
matrix dictates the choice of the migration mode. Macrophages
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odosomes are  characterized as cell structures with proteolytic
ctivity directed at the ECM, with a  core of F-actin surrounded
y a ring of adhesion receptors and actin-associated proteins such
s vinculin and paxillin. In dense matrices, macrophages dig holes
nd form specialized F-actin rich structures called 3D podosomes
t the tip of cell protrusions where proteolytic degradation of the
atrix takes place (Van Goethem et al., 2010, 2011). We  have pre-
iously proposed that podosomes are an essential requirement
f the mesenchymal mode (Cougoule et al., 2010; Guiet et al.,
012), for the following reasons. First, 3D-podosomes are  not
ormed in macrophages that use the amoeboid migration mode
Van Goethem et al., 2010). Second, Hck and Filamin A are two
roteins involved in  podosome stability, podosome organization
s rosettes and ECM degradation, and both proteins are necessary
or mesenchymal migration of macrophages but dispensable for
moeboid migration.
Macrophages can adopt the mesenchymal mode to  infiltrate
ense matrices (Van Goethem et al., 2010). The other leukocytes
ave been described to use the amoeboid migration mode (Friedl
nd Weigelin, 2008; Sabeh et al., 2009) but whether they can adopt
he mesenchymal mode has not been investigated. Neutrophils
ave been described to  use the amoeboid mode to  infiltrate fibril-
ar collagen I (Sabeh et al., 2009) and podosome-related structures
ave been observed in murine neutrophils but the organization of
inculin as a  ring and matrix proteolytic activity have not been
ocumented to  unequivocally characterize these structures (Calle
t al., 2008; Szczur et al., 2006). T lymphocytes have been described
o use the amoeboid migration mode in fibrillar collagen I  (Wolf
t al., 2003) and to  also use podosome-related structures to pal-
ate the surface of the endothelium to do transcellular diapedesis
Carman et al., 2007) and antigen recognition (Sage et al., 2012)
ut these structures have not been shown to have a proteolytic
ctivity, a  requisite to call them podosomes. Podosome structures
ave been largely characterized in  monocyte-derived cells such as
acrophages, osteoclasts and dendritic cells (Linder et al., 2011),
ut whether monocytes form podosome structures was never
nvestigated. Thus, we investigated the ability of human blood-
erived T lymphocytes, neutrophils and monocytes to migrate in  a
ense matrix in relation to their capacity to form podosome struc-
ures.
Macrophages exhibit various phenotypes as they polarize in
esponse to environmental cues and can be broadly classified in
wo main groups: classically activated macrophages (or M1)  and
lternatively activated macrophages (or M2)  (Delavary et al., 2011;
artinez et al., 2008, 2009; Mosser and Edwards, 2008; Murray
nd Wynn, 2011). Macrophages differentiate as M1 macrophages
n response to IFN- and microbial products such as LPS. They
ypically take part in the initial immune response to invad-
ng microorganisms and promote T  helper (Th) 1 immunity. M2
acrophages are obtained in  response to  IL4 or IL13 and are
nvolved in the resolution phase of inflammation and tissue heal-
ng by promoting Th2 immunity (Delavary et al., 2011; Mege
t al., 2011). Moreover, M2  macrophages have impaired phago-
ytosis capacity (Krysko et al., 2011; Varin et al., 2010). Because
n vitro polarization of macrophages triggers phenotypes at the two
xtremes of a  continuum of phenotypes which occur in vivo, we  also
tudied the migration of macrophages collected from the periton-
al cavity in resting and acute inflammatory conditions was  also
tudied.
For this study we thus set out to explore the 3D migra-
ion capacity of a  variety of blood-derived leukocyte populations
uch as neutrophils, T  lymphocytes and monocytes in porous
fibrillar collagen I)  and dense (Matrigel) matrices polyme-
ized in vitro. Since macrophages constitute a heterogeneous
opulation in vivo, we also examined different macrophage
ubpopulations. Cell Biology 91 (2012) 938– 949 939
Materials and methods
Cell  preparations
Blood samples from healthy donors were obtained following
standard ethical procedures and with the approval of the concerned
Internal Review Boards.
Human  monocytes: Monocytes were isolated from blood (Etab-
lissement Franc¸ ais du Sang, Toulouse, France) as previously
described (Van Goethem et al., 2010). Those were then maintained
in RPMI 1640 medium supplemented with 1%  FCS and seeded on
matrices polymerized in  transwells (5 × 104)  or  ECM-coated cov-
erslips (105).
Human neutrophils: Neutrophils were isolated from the same
source by the dextran-Ficoll method as previously described (Le
Cabec and Maridonneau-Parini, 1994). Cells were then maintained
in RPMI 1640 supplemented with HEPES (10 mM),  pH 7.4 for 20 min
at 37 ◦C in  suspension for recovery and layered down on matri-
ces (5 × 104)  or on ECM-coated coverslips (105). FCS at 1% final
concentration was  added after 1 h.
Human macrophages: Human macrophages derived from CD14-
sorted monocytes (MDMs) were differentiated in the presence
of M-CSF (20 ng/mL, Peprotech) as previously described (Van
Goethem et al., 2010). After 7 days of differentiation, macrophages
were polarized using either IFN- 20 ng/mL (100 U/mL-Roche) or
IL4 (20 ng/mL-Miltenyi Biotec) for 18 h to obtain M1  and M2 polar-
ized macrophages, respectively. TNF (10 ng/mL) was also used
to induce M1 polarization. All culture media contained M-CSF at
10 ng/mL during the polarization processes. MDMs  had been serum
starved for 4 h,  harvested as previously described (Van Goethem
et al., 2010), suspended in  RPMI 1640 medium supplemented with
1% FCS, M-CSF (10 ng/mL) and the indicated cytokine and seeded
on matrices (3 × 104) or  ECM-coated coverslips (105).
Human lymphocytes: CD4+ T  cells were isolated by  negative
depletion using Rosette Sep (StemCell Technologies), cultured and
expanded in  RPMI 1640, 5% human serum, 100 U/mL IL2 in the
presence of anti-CD3/CD28 coated Dynabeads (Invitrogen), with
a bead:cell ratio of 1:1. Fresh IL2 was added every 3–4  days.
CD4+ T cells were restimulated as above every 19–21 days. When
CD4+ T cells were used, 14–21 days after activation, they were
regaining a resting phenotype. Cell purity was assessed by FACS
analysis (FACScan, Becton Dickinson) using PE-CY5-labelled anti-
CD4 mAb  (BD Biosciences) and was routinely between 95  and
99%. Cells were suspended in RPMI 1640 supplemented with 0.5%
human serum and seeded on matrices (5 ×  104) or  ECM-coated
coverslips (105).
Murine  macrophages: Bone marrow-derived macrophages
(BMDMs) from C57Bl6/J mice were obtained as previously
described (Cougoule et al., 2010) and polarized using murine
recombinant cytokines (ImmunoTools) according to  the proto-
col described above for human macrophages. BMDMs  had been
serum starved for 4 h, harvested as previously described (Cougoule
et al., 2010), suspended in RMPI 1640 supplemented with 1% FCS,
10 ng/mL M-CSF and the indicated cytokine, and seeded on matrices
(5 × 104) or  ECM-coated coverslips (105).
Tissue  macrophages: C57Bl6/J mice were purchased from Charles
River Inc. All experiments were performed with 6–12-week old
female mice according to animal protocols approved by  the Ani-
mal Care and Use committee of the Institut de Pharmacologie
et de Biologie Structurale. Resident cells were collected by  perit-
oneal lavages performed in control mice as previously described
(Cougoule et al., 2010). Peritoneal elicited cells were collected 4
days after an intra-peritoneal injection of 0.5 mL  of 4% thioglycol-
late Brewer (Sigma) as previously described (Cougoule et al., 2010).
Collected cells were spun down (300 g) for 5 min, the pellet was
suspended in RPMI 1640 medium and cells were layered down
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n matrices (5 × 104)  or ECM-coated coverslips (105). Medium was
upplemented with 1% FCS after 1 h.
atrix preparations
Collagen I (Nutragen – Nutacon; 2 mg/mL  final concentration)
r Matrigel (BD Biosciences, batches from 8 to 12 mg/mL) were
olymerized as a thick layer (1–1.5 mm)  in the upper Transwell
hambers, as described (Van Goethem et al., 2010).
D migration
Cells were seeded on the top of the matrices at the indicated
oncentration (see above). For  all the cell types studied, the lower
hambers were filled with RPMI 1640 medium supplemented with
0% FCS. For T  lymphocytes and monocytes/macrophages, CXCL12
1 g/mL) and M-CSF (50 ng/mL) were added respectively. The per-
entage of 3D  migration in  fibrillar collagen I  and in Matrigel was
anually quantified after 24 h and 72 h,  respectively using the
mageJ software.
D  migration
2D migration was performed in uncoated-8 m porous
ranswells (BD Biosciences). Cells had been serum starved for 3 h.
1 or M2  polarized (3 ×104)  MDMs  were seeded in  the upper
hamber. The lower chamber was filled with 1 mL of RPMI 1640
upplemented with 10% of FCS and 50 ng/mL M-CSF. The migra-
ion assay was carried out overnight. The cells on the upper face
ere then removed using a  cotton swab and the cells on the
ower side were fixed with paraformaldehyde (3.7%; Sigma), per-
eabilized with Triton X-100 (0.1%; Sigma) and stained with Texas
ed-coupled phalloidin (1/1000, Molecular Probes, Invitrogen) and
API [4,6-diamidino-2-phenylindole] (5 ng/mL, Sigma) to visualize
-actin and nuclei. The number of cells was then counted with a
eica DM-RB fluorescence microscope.
atrix degradation assay
Coverslips  were coated with 0.2  mg/mL  FITC coupled-gelatin
Molecular Probes) as previously described (Cougoule et al., 2010).
acrophages or other leukocytes were cultured on FITC-coupled
elatin. For T lymphocytes, the gelatin-FITC had been coated with
ither fibronectin or ICAM-1 (10 g/mL) for 1  h at 37 ◦C. After
4 h in culture, cells were fixed, processed for F-actin staining and
bserved by fluorescence microscopy. Quantification of the matrix
egradation was assessed as previously described (Cougoule et al.,
010).
mmunofluorescence microscopy
BMDMs,  murine tissue macrophages and other leukocytes had
een cultured for 24 h on glass coverslips coated either with
bronectin, fibrinogen (10 g/mL; Sigma) or nothing, or  with
CAM-1 Fc chimera (10 g/mL, R&D system) for T lymphocytes.
ased on our previous data showing that macrophages spread
n glass, coated or  not  with ECM proteins, spontaneously form
odosomes after 15–30 min, we investigated podosome formation
n blood-derived leukocytes at different time points starting from
0 min  till 24 h. Cells were fixed with paraformaldehyde (3.7%;
igma), permeabilized with Triton X-100 (0.1%; Sigma), and stained
ith anti-vinculin antibody (clone HVin-1, dilution 1/300; Sigma)ollowed by Alexa488-conjugated goat anti-mouse immunoglob-
lin G (1/1000; Cell Signalling Technology), Texas Red-coupled
halloidin and DAPI. Slides were visualized with a  Leica DM-RB
uorescence microscope or with an LSM710 confocal microscopeFor each species, the M1 and M2  markers are presented in regular and italic case,
respectively.
equipped with an x63-1.4 oil immersion Plan-Apochromat objec-
tive (CarlZeiss AG, Jena, Germany).
M1/M2 transcriptional profiles of macrophages
RNAs were extracted from MDMs,  BMDMs, resident and
elicited mouse macrophages using RNeasy Mini Kit (Qiagen)
with a  DNase I step to eliminate DNA contaminants, as recently
described (Ben Amara et al., 2010). The quantity and the quality
of RNA were assessed using Nanodrop (Thermo Science, Maurens-
Scopont, France) and 2100 Bioanalyser (Agilent Technologies,
Massy, France), respectively. Real-time quantitative RT-PCR (qRT-
PCR) was carried out as recently described (Ben Amara et al., 2010).
In brief, reverse transcription of 150 ng of RNA was  performed with
the MMLV-RT kit (Invitrogen). cDNA was obtained using oligo(dT)
primers and M-MLV  reverse transcriptase (Invitrogen) and qPCR
experiments were performed using SYBR Green Fast Master Mix
(Roche Diagnostics, Meylan, France) and a  SmartCycler (Cepheid,
Maurens-Scopont, France). The M1 and M2 genes were selected
according to a  previously published list of M1  and M2 genes
(Martinez et al., 2006; Tantibhedhyangkul et al., 2011). The primers
were designed using Primer3 (http://frodo.wi.mit.edu/primer3)
(Table 1). Results were normalized using the housekeeping gene
-actin and are expressed as fold change (FC) = 2−Ct,  where
Ct =  (CtTarget − CtActin)assay −  (CtTarget − CtActin)control.
Podosome life time measurement
CD14-sorted  human monocytes were seeded in 8-wells cover-
glass Labtek chambers (105 cells/wells) and differentiated in  the
presence of M-CSF (20 ng/mL). At day 3, cells were washed twice
with PBS and transduced with a mCherry-Lifeact lentiviral vector to
visualize F-actin structures. Briefly, the transduction was initiated
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entiviral vector (106 effective viral particles for 106 macrophages).
fter 1h30, 400 L  of complete medium was added. At  day 6,
he culture medium was removed and MDMs  were polarized as
escribed above. After 24 h, cells were imaged using an inverted
icroscope (Leica DMIRB, Leica Microsystems) equipped with a
otorized stage and an incubator chamber to  maintain the tem-
erature and CO2 concentration constant. Images were acquired
ith the Metamorph software, every 20 s in one z-plane for 40 min,
nd on 10 separate fields per cell type. Quantification of podosome
ife-span was measured manually from two independent exper-
ments, using the ImageJ software for podosomes appearing and
isappearing during the time-course of the experiment and results
ere expressed as the mean ±  SEM of 100 podosomes from 10 cells.
tatistics
All data in the text and figures are expressed as mean (±SEM)
nd unpaired T-test statistical analysis was carried out with the
rism 4.0 software. A p value of less than .05 was  considered sig-
ificant (*p < .05, **p  <  .01, ***p <  .001).
esults
 lymphocytes, neutrophils and monocytes use the amoeboid but
ot  the mesenchymal migration mode
To study the 3D migration ability of leukocytes, we  used two
ifferent matrices with distinct architectures which were polyme-
ized as thick layers (>1 mm)  to  create a 3D environment (Van
oethem et al., 2010). Fibrillar collagen I is a  porous matrix into
hich macrophages and other leukocytes have been shown to use
he amoeboid migration mode (Sabeh et al., 2009; Van Goethem
t al., 2010; Wolf et al., 2003). Matrigel is  purified from a  mouse
arcoma which, when used at 10 mg/mL, forms a dense and poorly
orous extracellular matrix. In Matrigel, MDMs  and BMDMs  have
een shown to migrate using the protease-dependent mesenchy-
al mode (Cougoule et al., 2010; Van Goethem et al., 2010) whilst
eutrophils have been shown not to  migrate into it (Steadman et al.,
997).
T  cell motility thought 3D matrices was induced by the
hemokine CXCL12, a ligand for CXCR4. We  mainly studied cultured
rimary human CD4+ T cells. Those express CXCR4 homogeneously
hilst freshly isolated T  lymphocytes express heterogeneous
XCR4 levels (Bleul et al., 1997). T  lymphocytes infiltrated fibrillar
ollagen I and exhibited a pear shape characteristic of the amoeboid
igration mode (Fig. 1A and B,  left panel, arrow) but they did not
nfiltrate Matrigel (Fig. 1A and B,  right panel). Similarly, freshly iso-
ated total T cells were unable to infiltrate Matrigel but migrated
eadily in  fibrillar collagen matrices (data not  shown). Next, the
resence of podosomes was examined. To optimize cell spread-
ng, a prerequisite for podosome formation, T lymphocytes were
eeded on ICAM-I coated coverslips and treated or not with PMA
or 24 h. Even under these conditions, no podosome structure could
e observed in T lymphocytes. Some displayed actin dots, but those
ere not  surrounded by vinculin, a  hallmark of podosomes (Fig. 1C,
nset a) and failed to  degrade the gelatin-FITC covered with ICAM-
 (Fig. 1D) or fibronectin (data not  shown). Treatment with PMA,
lthough it increased cell spreading, still did not trigger proteolytic
ctivity towards ECM (data not shown). Thus, despite our efforts
o provide favourable conditions, we  could not get T  lymphocytes
either to form podosomes, nor to exhibit proteolytic activity on
CM nor to  migrate into Matrigel.
Neutrophils freshly isolated from blood infiltrated fibrillar colla-
en I  (Fig. 1A and B)  with a  rounded cell shape but did not infiltrate
atrigel (Fig. 1A and B). Occasionally, a  few F-actin dots with almost Cell Biology 91 (2012) 938– 949 941
a regular ring of vinculin were noticed (Fig. 1C, inset b), but on
glass, on fibronectin or vitronectin, neutrophils generally failed to
form podosomes (Fig. 1C, inset a), and failed to  degrade the matrix
of FITC-gelatin (Fig. 1D). As the diapedesis step could be critical
“to switch” cells to a  competent migration phenotype in dense
matrices, we then tested the migration ability of inflammatory
neutrophils harvested from the mouse peritoneal cavity 12 h after
injection of thioglycollate. At this time point, neutrophils accounted
for 77.4 ±  4.7% (n =  5) of the collected cells (Fig. S1). Despite the
inflammatory context from which they were obtained, elicited neu-
trophils still did not infiltrate Matrigel and did not form podosomes
(data not shown).
Similarly, freshly isolated monocytes infiltrated the matrix of
fibrillar collagen I  with the typical amoeboid rounded cell shape
(Fig. 1A and B) but not  Matrigel (Fig. 1A and B). They formed F-actin
dots which were not surrounded by vinculin and thus were not con-
sidered as podosomes (Fig. 1C). After 4–5 days on Matrigel, some
monocytes did acquire the capacity to  infiltrate the matrix with the
characteristic elongated cell shape (Fig. 1B). At  day 6,  the percent-
age of cells into the matrix was quantified (Fig. 1A) and was similar
to that previously described for macrophages after 7 days of differ-
entiation in  culture dishes (Van Goethem et al., 2010), suggesting
that differentiation is  required to infiltrate dense matrices.
Thus,  none of the leukocytes studied here were found to  have
the capacity to  infiltrate Matrigel or  to form podosomes, suggesting
that these cells are  unable to  use the protease-dependent mes-
enchymal mode.
In  vitro polarized M1 or M2 human and mouse macrophages
display distinct 3D migration abilities
Next, we investigated whether the 3D migration ability of
monocyte-derived macrophages (MDMs) was regulated during
macrophage polarization.
Human  M1 and M2 MDMs  were generated by  IFN-- and IL4-
treatment, respectively. Using a  combination of 8 polarization
markers, we checked that IFN-- and IL4-stimulated macrophages
exhibited typical M1 and M2  profiles when compared to non-
polarized MDMs  that we  called here M0  (Fig. 2A).
The  migration ability of M1 and M2-polarized MDMs  was exam-
ined in comparison with M0.  M2  MDMs  were able to migrate into
fibrillar collagen I and Matrigel (Fig. 2B) with the typical cell shape
of amoeboid and mesenchymal migration, respectively (Fig. 2C).
They exhibited comparable migration ability than M0 macrophages
(Fig. 2B and C). In marked contrast, IFN--polarized M1 MDMs  were
unable to migrate into fibrillar collagen I or in Matrigel (Fig. 2B), and
stayed at the top of the matrices where they displayed a  rounded
cell shape (Fig. 2C). To ensure that inhibition of the migration was
the result of M1 polarization, MDMs  were also polarized using TNF
(Mantovani et al., 2004). TNF-treated MDMs  did not migrate in
fibrillar collagen I or in Matrigel (data not shown) confirming that
M1  macrophages are  defective in  both migration modes.
To  test the 2D migration ability of M1  and M2  macrophages, a
standard transwell assay was used. As shown in Fig. 2D, M1 MDMs
were also motionless in  those conditions, while M2 were migrat-
ing even more efficiently than M0 macrophages. Taken together,
these results show that M1 MDMs  were defective for both 3D
and 2D  migration whereas M2  MDMs  remained competent for all
types of migration: 2D and 3D migration into fibrillar collagen I
and Matrigel. The presence of podosomes was  examined in  M1
and M2 MDMs  layered on fibrinogen. Individual podosomes were
observed in 100% of the M1 and M2 macrophages. Live observa-
tions of mCherry-Lifeact-expressing M1 and M2 MDMs  revealed
that the lifetime of individual podosomes in  M1 MDMs was
625 ± 59 s while it was 411 ± 42 s in M2  macrophages (p = 0.0037,
n =  100 podosomes/condition) (to compare with podosomes in
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Fig. 1. T  lymphocytes, neutrophils and monocytes only use the amoeboid migration mode. (A) Cells were seeded at  the top  of a thick layer of fibrillar collagen I or Matrigel
and the 3D cell migration was  quantified after 24  h  and 72  h, respectively. T lymphocytes, neutrophils and monocytes infiltrated the matrix of fibrillar collagen I but did not
infiltrate Matrigel. After 6 days on the matrix, monocyte-derived macrophages (MDMs) which had acquired the capacity to  infiltrate Matrigel were quantified as described
in  the section “Materials and methods”. Results are expressed as mean ±  SEM of three independent experiments performed in triplicates, ***p < 0.001. (B) T lymphocytes,
neutrophils and monocytes migrating either inside fibrillar collagen I (left panels, arrows) or on top of the Matrigel matrix (right panels, arrows) are  shown. Arrowheads
show cells at a distinct depth in the matrices. (C) T lymphocytes were seeded on ICAM-I coated coverslips (without PMA  treatment) for 24  h, neutrophils were seeded on glass
coverslips for 1  h, monocytes and macrophages were seeded on glass coverslips for 24 h. All  cells were fixed and permeabilized. F-actin was  stained with Texas Red-coupled
phalloidin, vinculin was stained with primary and AlexaFluor 488-coupled secondary antibodies, and nuclei with DAPI. T lymphocytes, neutrophils and monocytes formed
F-actin  dots but vinculin did not form a  ring around the actin core (insets (a)). Inset (b) illustrates the presence of few F-actin dots with a  quite regular ring of vinculin in
neutrophils. Inset (c) illustrates the organization of classical podosomes with a ring of vinculin in MDMs  after 6 days of culture. Scale bars: 10 m,  insets = 3× magnification.
(D) T lymphocytes and neutrophils seeded on  FITC-coupled gelatin coated on  glass coverslips and cultured either overnight or for 5 h, respectively, were fixed and stained
for  F-actin and nuclei and microscopically examined. Neither T lymphocytes nor neutrophils degraded FITC-coupled gelatin. Scale bars: 10 m.
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Fig. 2. M2  but not M1 human macrophages migrate in 3D matrices. MDMs  were stimulated with nothing (M0), IFN- or IL4  to induce M1 and M2 polarization respectively.
(A) Total mRNA was  extracted and the expression of 4 M1-related genes (IL15, INDO, TNF, CXCL9) and M2-related genes (DC-SIGN, ALOX15, CCL13, FN1) was measured by
real  time RT-PCR. Results are expressed as fold change (FC) compared to M0 macrophages and represent the mean of three experiments. They are presented as radar plots
with  a  maximum increase of 4 folds. (B) M0,  M1  and M2  MDMs were harvested and seeded on  top  of a  thick layer of fibrillar collagen I or Matrigel and cell migration was
quantified from triplicate samples after 24 h  and 72 h, respectively. Results are expressed as mean ± SEM of four independent experiments, **p <  0.01. (C) M0  and M2 MDMs
are  shown inside fibrillar collagen I or in Matrigel while M1  macrophages which mostly do not infiltrate matrices are  shown at  the top. Arrowheads show cells deeper in
the  matrices. (D) 2D migration of M0,  M1  and M2  MDMs  through uncoated transwells. MDMs that reached the lower chamber were microscopically counted. Results are
expressed as mean ± SEM of two  independent experiments. (E) M0,  M1  and M2  MDMs  were seeded on fibrinogen-coated glass coverslips for 24 h, fixed, permeabilized and
F-actin was  stained with Texas Red-coupled phalloidin, vinculin with primary and AlexaFluor 488-coupled secondary antibodies, and nuclei with DAPI. M1  MDMs  harbor
individual  podosomes (inset) while M2  MDMs  harbor podosome rosettes (arrowhead and inset). Scale bar = 10 m,  insets =  6× magnification. (F) Quantification of podosome
rosettes in M0,  M1  and M2  MDMs.  Podosome structures were counted in at  least 100 cells in duplicate samples, in three separate experiments. **p < 0.01.
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Fig. 3. M2 but not M1  mouse macrophages migrate in 3D matrices. Mouse bone marrow-derived macrophages (BMDMs) were stimulated with nothing, IFN- or  IL4 to
induce M0,  M1  and M2 polarization, respectively. (A) Total mRNA was  extracted and the expression of 3 M1-related genes (TNF, CXCL10, IL12p40) and M2-related genes
(Manose Receptor (MR), YM1/2, Arginase 2  (ARG2)) was measured by real time RT-PCR. The results are expressed as fold change compared to  M0 BMDMs  and represent the
mean  of three experiments. They are presented as radar plots with a  maximum increase of 4 folds. (B) M0,  M1 and M2  BMDMs were harvested and seeded on top of a  thick
layer of fibrillar collagen I or Matrigel and the 3D cell migration was  quantified after 24 h and 72 h  respectively from triplicate samples. Results are  expressed as mean ± SEM
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Af  three independent experiments, ***p < 0.001. (C) M0,  M1  and M2 BMDMs  were se
tained  with Texas Red-coupled phalloidin, vinculin with primary and AlexaFluor 4
osettes while M0  and M2  BMDMs  harbor podosome rosettes (arrowheads). Scale ba
tructures were counted in at  least 100 cells in duplicate samples, in three indepen
0  macrophages which is approximately 400 s (Bhuwania et al.,
012)). These results indicate that M1  macrophages have a  reduced
odosome turnover compared to  M2 . In murine bone marrow
erived macrophages (BMDMs), we have previously reported that
he organization of podosomes as rosettes is  required for mes-
nchymal migration (Cougoule et al., 2010). Thus, we quantified
odosome rosettes in  M0,  M1 and M2 MDMs  layered on fibrinogen.
s shown in Fig. 2E and F, similarly to M0, M2 MDMs  efficientlyn  fibronectin-coated glass coverslips for 24 h, fixed, permeabilized and F-actin was
pled secondary antibodies, and nuclei with DAPI. M1  BMDMs form few podosome
 m.  (D) Quantification of podosome rosettes in M0,  M1  and M2 BMDMs. Podosome
xperiments. *p <  0.05.
organized their podosomes as clusters and rosettes while M1
MDMs  hardly formed these structures. The presence of rosettes has
been correlated with enhanced ECM proteolytic activity (Cougoule
et al., 2010) but somewhat surprisingly, M1 MDMs  were found
to degrade gelatin-FITC with the same efficiency as M0 and M2
cells (Fig. 4C). One noticeable difference, however, was that M1
MDMs  harbored a “sitting” cell shape on gelatin-FITC with a large
degradation area under the cells, whereas M2 MDMs  harbored a
C. Cougoule et al. /  European Journal of
Fig. 4. (A) M0,  M1  and M2 MDMs  were seeded on FITC-coupled gelatin coated on
glass coverslips, cultured overnight, fixed and stained for F-actin and nuclei and
microscopically examined. Scale bar: 10 m.  (B) M1  BMDMs  are defective in gelatin-
FITC degradation. M0,  M1  and M2  BMDMs  were seeded on FITC-coupled gelatin
coated  on glass coverslips and incubated overnight, fixed and stained for F-actin and
nuclei. Scale bar: 10 m.  (C) Quantification of gelatin-FITC degradation by M0,  M1
and M2  MDMs. The percentage of degradation corresponds to  the number of pix-
els of degradation for 100 pixels of cell surface. Results are expressed as mean ±  SEM Cell Biology 91 (2012) 938– 949 945
“migrating” phenotype characterized by a  polarized shape with
podosomes or  podosome rosettes localized at the leading edge
(Fig. 4A). Thus the proteolytic activity of M1 macrophages which
form more stable podosomes appeared to  be similar to M2 cells
which form podosome rosettes and are motile.
Differences have been described between human and murine
polarized macrophages (Martinez et al., 2006). We  thus inves-
tigated the migration capacity of polarized mouse macrophages
derived from bone marrow (BMDMs). Those were polarized in  M1
and M2 BMDMs, as controlled by analysis of the expression of  six
polarization markers (Fig. 3A). Similarly to  human macrophages,
M1 BMDMs  did  not migrate into fibrillar collagen I  or Matrigel while
M2 BMDMs  did and even better than M0  macrophages in Matrigel
(Fig. 3B). In addition, 100% of mouse M1 and M2 macrophages
formed individual podosomes when layered on fibronectin but
only M2 BMDMs  organized their podosomes as rosettes (Fig. 3C
and D). The only difference between human and mouse cells we
observed in our experiments was  that mouse M1  BMDMs  showed
relatively low gelatin-FITC degradation capacity (Fig. 4B and D).
Taken together, these results indicate that the M1 polarization pro-
cess is characterized by a  motionless phenotype, the inability to
organize podosomes as rosettes and an heterogeneous capacity to
degrade the matrix, while M2 polarized cells are able to  migrate
effectively in  both matrices, form rosettes and degrade the matrix.
The migration ability of elicited macrophages differs from that of
resident macrophages
We  next examined the ability of resident and elicited
macrophages harvested from the mouse peritoneal cavity to
migrate in  3D matrices, to form podosome structures and degrade
gelatin-FITC. Elicited macrophages were collected 4 days after
intraperitoneal injection of thioglycollate.
We compared the expression of 6 biomarkers between elicited
and resident macrophages to characterize their polarization pro-
files. As shown in Fig. 5A , elicited macrophages displayed a
combined expression of the M1 and M2  markers.
While both cell types migrated in fibrillar collagen I, only
elicited macrophages migrated in  Matrigel (Fig. 5B and C),  formed
podosome rosettes (Fig. 5D and E)  and degraded the gelatin-FITC
matrix (Fig. 5F and G).
Thus resident and elicited macrophages which are known to
exert distinct functionalities (Gordon and Mantovani, 2011) exhibit
distinct migration behavior, providing further information about
the phenotypic heterogeneity of tissue macrophages.
Discussion
The data presented herein extend our knowledge of the 3D
migration ability of several leukocyte populations into thick extra-
cellular matrices. We observe that (i) circulating leukocytes use the
amoeboid mode, do  not form podosomes and are unable to infiltrate
dense matrices and (ii) the migration of macrophages, which have
been previously shown to use the amoeboid and the mesenchy-
mal mode in  porous and dense matrices, respectively, is  strongly
influenced by polarization and the tissue environment.3D migration takes place when leukocytes enter interstitial
tissues beyond vessels and the basal membrane. The architecture
of interstitial tissues is  heterogeneous, ranging from loose fibrillar
regions to dense compact connective tissue with submicron
(n  =  3). (D) Quantification of the percentage of gelatin-FITC degradation by M0,  M1
and M2 BMDMs. The percentage of degradation corresponds to  the number of pixels
of degradation for 100 pixels of cell surface. Results are expressed as mean ± SEM
(n =  3), *p  <  0.05.
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Fig. 5. Elicited but not  resident macrophages use the mesenchymal migration mode. Resident and elicited macrophages were harvested from mouse peritoneal cavity.
Elicited macrophages were collected 4  days after an  intraperitoneal injection of thioglycollate. (A) Total mRNA was extracted from resident and elicited macrophages and
the  expression of 3  M1  related genes (TNF, CXCL10, IL12p40) and 3 M2  related genes (MR, YM1/2, ARG2) was measured by real time RT-PCR. The results are  expressed as
FC  of elicited on resident macrophages and represent the mean of 3 experiments. They are presented as radar plots with a maximum increase of 4 folds. (B) Resident and
elicited  macrophages were harvested and seeded on top of a thick layer of fibrillar collagen I or Matrigel and 3D cell migration was quantified after 24 h and 72 h  respectively
from triplicate samples. Results are expressed as mean ± SEM of five independent experiments, ***p < 0.001. (C) Resident macrophages migrating inside fibrillar collagen
I  (arrow) or on top of Matrigel are shown. Elicited macrophages migrating inside fibrillar collagen I or Matrigel are shown (arrow). Arrowheads show cells at a  different
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pacing (Egeblad et al., 2010; Larsen et al., 2006). Thus two matri-
es which have been described in detail in  a  previous report (Van
oethem et al., 2010) were used to  mimic  the architectural het-
rogeneity of interstitial tissues. In fibrillar collagen I, neutrophils,
 lymphocytes and human macrophages have been described to
se the amoeboid migration mode (Nourshargh et al., 2010; Sabeh
t al., 2009; Van Goethem et al., 2010; Wolf et al., 2003). Herein,
e compared, in  the same experiments, the migration capacity of
eukocytes in porous fibrillar collagen I and in a dense Matrigel. We
onfirm the ability of monocytes, neutrophils and T  lymphocytes
o migrate using the amoeboid mode in  fibrillar collagen I, and
e show that they do not infiltrate Matrigel. Using the experi-
ental conditions which trigger the formation of podosomes in
acrophages, dendritic cells and osteoclasts (Linder et al., 2011),
amely on glass coated or not with ECM proteins, we observed
hat T  lymphocytes, neutrophils and monocytes do not form
odosomes, according to the definition of these cell structures
hich implicates an actin dot surrounded by  a  ring of vinculin and
 proteolytic activity towards the ECM (Linder et al., 2011). It has
een reported that T lymphocytes form podosome-like structures
uring trans-cellular migration through the endothelium (Carman
t al., 2007) and scanning for antigen on antigen presenting cells
Sage et al., 2012). In those experiments, however, the proteolytic
ctivity of those structures was not  established, a  requisite for
ualifying these structures as podosomes.
That neutrophils, monocytes and T  lymphocytes are unable
o infiltrate Matrigel is surprising as these cells are expected to
igrate in most tissues. One hypothesis is that steps of differen-
iation might be missing. For  our experiments, we  have used cells
solated from blood which were then differentiated in vitro. Thus,
ompared to the in vivo context, diapedesis is  by-passed and this
tep could be critical “to switch” cells to  a  competent migration
henotype in dense matrices. Using elicited neutrophils which had
ccomplished this step of diapedesis, however, we found that those
ells still did not form podosomes, nor did T lymphocytes differen-
iated with anti-CD3/CD28 Abs in the presence of IL2 for 2–3 weeks
cquire the capacity to  migrate in Matrigel. Since neutrophils and
ymphocytes are small cells which might glide into small pores (Van
oethem et al., 2011), another hypothesis is  that leukocytes unable
o use the mesenchymal mode would only infiltrate loose areas in
issues. In agreement with this proposal, a  recent report on lung
umor biopsies shows that T  lymphocytes are unable to  cross dense
bers of ECM proteins surrounding tumor islets and remain in
egions of loose tissue (Salmon et al., 2012). It should be noted that
eutrophils have a segmented nucleus which might facilitate infil-
ration into poorly porous tissues. In fact, a  recent report shows that
n tumor microenvironments, the nuclei of infiltrated neutrophils
re even more segmented than control neutrophils (Fridlender
t al., 2009), suggesting that, by modifying their nuclear morphol-
gy, neutrophils could more easily squeeze in poorly porous tissues
uch as tumors (Egeblad et al., 2010) using the amoeboid migration.
n the case of migration into the dense Matrigel matrix, used in  our
xperiments at approximately 10 mg/mL, the size of the pores is
pparently too narrow (see  a  scanning electron microscopy picture
f the architecture of Matrigel in  Van Goethem et al. (2010)) to
llow neutrophil migration. A  previous report has shown that neu-
rophils can infiltrate Matrigel in  a  protease-independent manner
hen it is diluted to 3 mg/mL  (Steadman et al., 1997) indicating
halloidin, vinculin with primary and AlexaFluor 488-coupled secondary antibodies, an
insets). Scale bars: 10 m, inset =  3× magnification. (E) Quantification of podosome rose
east  100 cells in duplicate samples (n  =  5), **p < 0.01. (F) Resident and elicited macropha
vernight, fixed and stained for F-actin and nuclei. Resident macrophages poorly degrad
cale bars: 10 m. (G) Quantification of FITC-coupled gelatin degradation by resident and
f  pixels of degradation for 100  pixels of cell surface. Results are expressed as mean ± SEM Cell Biology 91 (2012) 938– 949 947
that  a lower density allows neutrophils to  infiltrate Matrigel using
the amoeboid mode.
In  conclusion, these three types of leukocytes are unable to
migrate in  matrices which require the formation of  paths in a
protease-dependent manner, while they migrate in porous 3D
environments using the amoeboid mode. Thus, if  the same rules
apply in vivo, we would expect to find these cells only in  porous
tissue areas.
In  marked contrast, when monocytes (from human blood) dif-
ferentiate in macrophages, they become able to infiltrate Matrigel
using the mesenchymal migration mode (Van Goethem et al., 2010,
this report). Similar observations have been made with mouse
macrophages differentiated from bone marrow (Cougoule et al.,
2010). Because macrophages have a  large plasticity, we  examined
the migration of polarized and of tissue macrophages to  get further
insight into their respective 3D migration abilities. Macrophages
polarized as M1 or M2  exhibit distinct functions. M1  macrophages
are involved in the early phase of the inflammatory response
(Bystrom et al., 2008; Mege et al., 2011), they release inflamma-
tory mediators and bactericidal products and they actively ingest
microorganisms and cellular debris (Liddiard et al., 2011). We
report that M1 macrophages do not  migrate in 2D and 3D environ-
ments. Despite the fact that distinct molecular mechanisms govern
2D and 3D migration (Harunaga and Yamada, 2011), these results
suggest that a  common step may  be inactivated. The observation
that macrophages become motionless under inflammatory pro-
cesses is important as it might contribute to  maintain macrophages
at the site of infection to  clean out bacteria and release toxic bacte-
ricidal products only in limited tissue areas (Laskin et al., 2011).
M1 BMDMs  have been shown to adhere to  extracellular matri-
ces to  a higher extent than M2  (Vereyken et al., 2011) and, in the
same line, we report that podosomes in M1 cells are  more stable
than in  M2 macrophages. M2 macrophages have been character-
ized as anti-inflammatory cells with healing properties to curtail
inflammation after an infection or an injury and promote to return
the body to homeostasis (Delavary et al., 2011; Serhan and Savill,
2005). It  has been reported that mouse M2  BMDMs  have a  higher
2D motility towards conditioned medium than their M1 counter-
part (Vereyken et al., 2011). Similar results were obtained here
with human M2  MDMs,  and we showed further that mouse and
human M2 macrophages can migrate in both fibrillar collagen I
and Matrigel, and form podosomes that they organize as rosettes.
Interestingly, M2  polarization induces an increase in  fibronectin
transcript which is involved in  cell adhesion and migration pro-
cesses and in  cathepsin C, a lysosomal protease which could be
involved in mesenchymal migration (Martinez et al., 2006; Verollet
et al., 2011). Moreover, Hck, which regulates the formation of
podosome rosettes and the protease-dependent 3D migration of
macrophages (Cougoule et al., 2010), is activated during the process
of M2-polarization (Bhattacharjee et al., 2011). M2 macrophages
are also associated with pathological contexts such as persistent
infections (tuberculosis, leprosy, Whipple’s disease (Mege et al.,
2011). In the light of our results, it would be interesting to exam-
ine whether M2 macrophages facilitate host dissemination of
pathogens. M2 macrophages are also described in chronic autoim-
munity, obesity, fibrosis and cancer (Fairweather and Cihakova,
2009; Gordon and Martinez, 2010; Mosser and Edwards, 2008; Sica
and Mantovani, 2012)). In  several tumor models, macrophages have
d nuclei with DAPI. Elicited macrophages organized their podosomes as rosettes
ttes in resident and elicited macrophages. Podosome structures were counted in at
ges were seeded on  FITC-coupled gelatin coated on glass coverslips and incubated
e FITC-coupled gelatin. Elicited macrophages degraded large areas of gelatin-FITC.
 elicited macrophages. The percentage of degradation corresponds to  the number
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een shown to  be polarized as M2 and to enhance malignancy and
umor cell invasiveness (Qian and Pollard, 2010; Ruffell et al., 2012)
otably by remodeling the extracellular matrix to open paths to
umor cells (Gocheva et al., 2010; Guiet et al., 2011).
Despite the fact that in vitro polarization is clearly a  simplified
odel, results on cell migration provide new striking differences
etween M1 and M2 macrophages, namely that 2D and 3D migra-
ion is an exclusive property of M2  macrophages.
We also report that resident and elicited peritoneal
acrophages have distinct migration abilities. Elicited perit-
neal macrophages, harvested 4 days after thioglycollate injection,
ere found to  up-regulate both M1 and M2 markers as previously
eported (Schif-Zuck et al., 2011; Stables et al., 2011) and to
igrate in both fibrillar collagen I  and Matrigel. At  this time point,
he inflammatory response initiated by  thioglycollate is reaching
he resolution phase (C. Lastrucci et al., unpublished data) and
acrophages are thus not expected to  die locally but to migrate to
he draining lymph nodes (Bellingan et al., 1996; Randolph, 2008).
or this, motile functions in 3D environments would be necessary.
Resident macrophages originate either from blood monocytes
hich migrate to tissues in  non-inflammatory conditions or from
esident cells which self-renew by  transient proliferation after
nflammatory episodes (Davies et al., 2011; Jenkins et al., 2011).
ne of the functions of resident macrophages is  to sample the
issue in search of foreign particles. We  show that peritoneal
esident macrophages migrate in fibrillar collagen I but not  in
atrigel. As previously described (Isaac et al., 2010), we  observed
hat resident macrophages do  not form podosome rosettes and
hey do not degrade gelatin-FITC. Consequently, in  contrast to
licited macrophages, residents have a  limited migration ability
hich might confine them to their tissue of residence. In future,
t will be interesting to explore whether resident macrophages col-
ected from tissues with distinct biophysical properties (porosity,
tiffness) have distinct migration abilities compared to peritoneal
acrophages.
We have previously shown that migration of human and mouse
acrophages in dense matrices such as Matrigel or gelled colla-
en I is: (i) inhibited by protease inhibitors, (ii) independent of
OCK, a key effector of the amoeboid migration, (iii) dependent on
he macrophage ability to  organize its podosomes as rosettes and
o degrade the ECM, (iv) characterized by  an elongated cell shape
ith 3D podosomes at the tip of cell protrusions (Van Goethem
t al., 2010, 2011; Verollet et al., 2011). This mode of migration
as been called mesenchymal migration (Cougoule et al., 2010;
an Goethem et al., 2010, 2011; Verollet et al., 2011) by analogy
o a migration mode used by  tumor cells (Wolf and Friedl, 2011).
aken together with our previous studies, we  show that cells which
re able to infiltrate Matrigel with the characteristic mesenchymal
henotype (MDMs, BMDMs, human and mouse M2 macrophages,
ouse elicited macrophages) form podosomes, organize them as
osettes and degrade the ECM while cells which do not  infil-
rate Matrigel (T lymphocytes, neutrophils, monocytes and resident
acrophages) do not form podosomes. Although podosomes are
equired for the mesenchymal mode, the presence of podosomes
oes not certify the mesenchymal migration ability since M1 MDMs
o form podosomes and degrade the matrix but are motionless.
nterestingly, M1 macrophages do not organize their podosomes as
osettes. Hck and Filamin A, which regulate the mesenchymal but
ot the amoeboid migration mode, also regulate the organization
f podosomes as rosettes (Cougoule et al., 2010; Guiet et al., 2012),
urther supporting the view that these podosome suprastructures
re involved in the 3D migration of macrophages in  dense matrices
Van Goethem et al., 2011).
In  conclusion, this is the first study compiling a  detailed anal-
sis of the capacity of human primary blood-derived leukocytes
nd macrophages to  migrate in 3D environments, form podosomes, Cell Biology 91 (2012) 938– 949
organize  them as rosettes and degrade the ECM. Our results high-
light that none of the blood-derived leukocytes studied here do
form podosomes or infiltrate a  dense matrix of concentrated
Matrigel. Thus we suspect that these leukocytes would more likely
localize in  loose areas of tissues. In addition, our results extend
our knowledge on the diversity of macrophage phenotypes by
showing that M2 and elicited macrophages use the mesenchy-
mal mode while M1 polarized and resident macrophages do not.
Tissues infiltrated by macrophages are often a negative sign of dis-
ease progression, including for cancer and chronic inflammation.
These diseases are also often characterized by tissue densification
(Egeblad et al., 2010) which would likely require the mesenchymal
migration. A potential outcome of our work is  to consider pathways
regulating specifically the mesenchymal migration of macrophages
as potential targets for therapeutic approaches.
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Role and polarization of macrophages during acute and chronic inflammatory contexts 
 
Abstract: 
Innate immune cells are involved in different processes such as the initiation of an inflammatory response 
and the resolution of inflammation mechanisms. The first part of my work characterized, in a model of 
acute peritonitis induced by thioglycolate, the molecular and cellular mechanisms involved during the 
resolutive processes both in the peritoneal cavity and in the omentum. The second part of my work aimed 
at studying the immune mechanisms involved during tuberculosis. I showed that M. tuberculosis is able to 
remotely modulate the phenotype and the function of monocytes, towards an immune-regulatory 
phenotype. This would allow the bacterium to recruit to the infectious site immune cells less competent to 
control the infection in order to promote its own fitness. Together these results provide new insights for 
the understanding of the inflammatory mechanisms in acute and chronic contexts. 
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RESUME  
Les cellules de l’immunité innée sont impliquées dans divers processus tels que l’initiation d’une réponse 
inflammatoire et les mécanismes de résolution de l’inflammation. Le premier objectif de ma thèse a 
permis de caractériser, dans un modèle de péritonite aigüe induite par le thioglycolate, les mécanismes 
cellulaires et moléculaires impliqués dans les processus résolutifs à la fois dans la cavité péritonéale et 
l’omentum. Le second objectif visait à étudier l’inflammation mise en jeu au cours de la tuberculose. J’ai 
montré que M. tuberculosis est capable de moduler à distance le phénotype et la fonction des monocytes, 
vers un profil immuno-régulateur. Ceci permettrait à la bactérie de recruter sur le site infectieux des 
cellules moins compétentes pour contrôler l’infection afin de favoriser sa multiplication et sa survie. 
Ensemble ces résultats permettent de mieux comprendre les mécanismes de l’inflammation lors de 
pathologies aigüe et chronique. 
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